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Preface 
 
Organic charge-transporting materials, represented by conducting polymers, have been widely 
studied and applied to organic devices such as batteries, solar cells, and organic light-emitting diodes as an 
alternative to inorganic materials because of their high conductivity, flexibility, lightness, and resource 
sustainability. Redox polymers composed of aliphatic main chain and redox-active molecules on the side 
chain express various electrochemical properties, in accordance with the molecular structure of the 
redox-active molecules. The redox polymers exhibit a high charge-transporting capability by rapid electron 
self-exchange reactions through the side chain and a charge-storage property derived from their stable 
oxidized or reduced states. Therefore, the polymers have been examined as an organic electrode-active 
material in secondary batteries. 
Charge-transporting capability is affected by not only the electrochemical properties of 
redox-active moieties but also the polymer conformation in nanoscale. Self-assembled supramolecules 
fabricate nanometer-scale supramolecular polymers from bottom up by molecular interactions such as a 
hydrogen-bonding, van der Waals force, molecular stacking, and so on. Double helix structure of DNA and 
liquid crystal structures are typical examples of ordered nanostructures supported by intermolecular 
interactions. Supramolecules are also examined as a functional soft material. For example, nano-fibrous 
supramolecular polymers forming a 3D network structure are known as supramolecular gelators which can 
solidify water, organic solvents, and ionic liquids. Supramolecular gelators have attracted great attention 
because of its high gelation ability, reversible sol-gel transition derived from weak molecular interaction, 
and multi-functionality by substituting functional molecules in the gelator structure.  
In this thesis, the author focused on a combination with the supramolecules and redox-active 
molecules to develop a new organic charge-transporting material for application to organic devices. 
Chapter 1 describes organic charge-transporting materials and their charge-transporting mechanisms. 
Supramolecules and intermolecular interactions are also described. Chapter 2 and 3 describes synthesis, 
gelation ability, and electrochemical properties of charge-transporting supramolecular gel formed by 
TEMPO-substituted cyclohexanediamine derivatives with various organic solvents and ionic liquids. 
Chapter 4 describes application of redox-active polymer bearing naphthalene diimide derivatives to lithium 
battery as a cathode active material. Chapter 5 describes a new in-situ polymerization using gas-phase 
oxidant to form conducting polymers, and its application to fabricate a solid-state dye-sensitized solar cell. 
The last chapter summarizes the conclusions of this thesis and describes future prospects of redox-active 
supramolecules for organic electrochemical devices. 
 
Yoshito Sasada 
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1.1 Introduction 
 
Organic charge-transporting materials represented by conducting polymers have been 
extensively studied and applied to electric devices, such as rechargeable devices,1-4 solar 
cells,5-8 and organic light-emitting diodes,9-12 as an alternative to inorganic materials because 
of their flexibility, sustainability, and diversity of properties by designing the molecular 
structure. Pendant type polymers bearing redox-active molecules with high concentration in 
the polymers exhibit charge-transporting and -storage capabilities derived from rapid electron 
self-exchange reaction and stable oxidized or reduced states of the side chain. Therefore, the 
polymers have been examined as an organic electrode-active material in organic rechargeable 
devices.13-16 The electrochemical properties of the redox-active polymers could be designed 
easily by the molecular structure to actualize required properties for application to organic 
devices. Polymer conformations in nanoscale are also significant to achieve high 
charge-transporting capability as well as electrochemical properties of the polymers. 
In this thesis, the author focused on intermolecular interactions to fabricate ordered 
nanostructure of the polymers.17-18 The intermolecular interactions, or non-covalent bonding 
such as a hydrogen-bonding, van der Waals force, molecular stacking, and hydrophobic 
interaction, provide self-assembled supramolecular polymers.19-20 Also in nature, the 
self-assembled supramolecular polymers are used effectively like a double helix structure of 
DNA supported by hydrogen-bonding. By introducing redox-active molecules to the 
supramolecules, the conformation of charge-transporting polymers would be controllable by 
designing the molecular structure which leads effective charge-transporting. Two types of 
charge-transporting supramolecular polymers were synthesized and revealed their 
conformation and charge-transporting capability. The one was charge-transporting 
supramolecular gelator fabricating a polymeric structure from bottom up by intermolecular 
interactions. The other was a pendant type polymer whose conformation was designed from 
top down by the strength of intermolecular interactions on side chain. The author also focused 
on a new in-situ polymerization using gas-phase oxidant to form conducting polymers and the 
applied the polymers to solar cell to examine the charge-transporting capability. 
In this chapter, two main topics of this thesis are introduced as the research 
background. In section 1.2, the author picks up conducting polymers and redox polymers as 
organic charge-transporting materials and explains their features of the charge-transporting 
mechanisms. Application devices of the polymers are also described in the section. In section 
1.3, the intermolecular interactions are introduced as a driving force to form the 
supramolecular polymers, and then conformation, functionalities, and applications of 
supramolecular polymers are reviewed. Finally, organic gelling agents composed of polymer 
and supramolecular polymers and their gelling mechanism are described. 
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1.2 Organic charge-transporting materials 
 
 Charge-transporting materials play an important role in electronic devices 
surrounding our lives and society. The electrochemical properties and charge-transporting 
capability have great effect on the device performance, therefore, several charge-transporting 
materials have been widely studied for improvement and development of the electronic 
devices. To achieve high device performance, the charge-transporting materials need to fulfill 
various properties required from the devices: (i) a high charge-transporting capability to 
suppress an energy loss, (ii) a well-matched energy level with electrodes and other materials 
in the devices, and (iii) high processability to fabricate the devices. Inorganic materials such 
as metals and semiconductors have been used in the electric devices as a high conductive 
charge-transporting material, however, there are energy consumption and resource amount 
problems to apply the inorganic materials to the devices. For example, inorganic materials 
called “rare metals” in Japan, such as Pt, Ru, Co, and so on, are utilized in many devices 
because of their high performances, but their availability and high refining cost are serious 
problem. In fabrication of the devices with inorganic materials, vapor deposition is commonly 
method which needs high energy to evaporate the metals. In organic materials, their 
mechanical and electrochemical properties could be tuned by designing their molecular 
structures, which could provide appropriate materials for the electric devices. Organic 
charge-transporting materials also allow easy fabrication of the devices by coating and 
deposition, owing to their tunable solubility. Here, the author described two types of organic 
charge-transporting materials, conducting polymers and redox polymers, with their 
charge-transporting mechanism as an exordium of this thesis. 
 
1.2.1 Conducting polymers 
 
  Polyacethylene is the most famous conducting polymer with the high conductivity 
discovered by Hideki Shirakawa, Alan Heeger, and Alan MacDiarmid in 1970s, and the 
discovery was recognized by the Nobel Prize in 2000.1 This polymer has wide -conjugated 
structure consisting of linear chain with repeating -C=C- units and electrons move rapidly in 
the polymer chain like conducting metals. In similar to non-conducting organic materials, 
polyacetylene shows no or low conductivity in the neutral state. The wide band gap, between 
the valence band and the conduction band in polyacetylene, prohibits the electron transfer 
between them. To express the electrical conductivity of polyacetylene, “doping” is necessary 
to generate charge careers in the polymer (Figure 1.2.1).2 Anecdote about the discovery of 
this doping system by Shirakawa, a simple mistake, is extremely famous story as a typical 
example of “serendipity”. 
Chapter 1 
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Figure 1.2.1 Schematic image of n-doping and p-doping of polyacetylene (left) and image of 
career generate by p- and n-doping in the valence and conduction bands and career movement 
in -conjugated conducting polymers (right). 
 
The doping is carried out by addition of electron accepter or donor to inject hole or 
electron career in the polymer chain. The doping method is called to chemical doping (Fig. 
1.2.1).3 By addition of electron accepter to the conjugated polymer, the electrons are 
withdrawn from the valence band of the conjugated polymer. Then positive charges are 
generated in the polymer chain, which is called p-doping. The positive charges can move 
freely in -cloud of the polymer. Also, negative charges are generated by addition of electron 
donor. The donor injects electrons into the conduction band of conducting polymers, and the 
electrons can move freely in the conducting band. This doping system is called n-doping. 
Both p- and n-doped conducting polymers show high charge-transporting capability. The 
transporting mechanism is similar to metals, namely, the charge careers play same role as free 
electrons in metals. The conductivities are affected by the kind of dopant. For example, p-type 
dopant based on sulfonic acid group such as poly(4-styrenesulfonic acid), poly(vinylsulfonic 
acid), and p-toluenesulfonic acid are known as conventional dopants to provide high 
conductive poly(3,4-ethylenedioxythiophene) (PEDOT). 
 Besides the polyacetylene, many kinds of conducting polymers, such as conjugated 
polymers and heterocyclic conjugated polymers with nitrogen and sulfur atoms, have been 
reported by many researchers all over the world (Figure 1.2.2) and applied to practical use. 
The conductivities of the typical polymers are listed in Table 1.2.1. Among the same 
conducting polymers, various conductivities are reported depending on their molecular 
weights, conformations, doping levels, and the kind of dopants changed by the polymerization 
method. 
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Figure 1.2.2 Typical examples of conducting polymers. 
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When the conducting polymers with aromatic rings are treated with the dopant, the 
benzenoid structure is changed to quinoid structure (Figure 1.2.3). High doping level 
increases the conductivity, however, the ratio of doping is limited to 0.3 – 0.5 because the 
chemical structure of benzenoid is more stable than that of quinoid. The doped state can be 
observed by sight thanks to clear change the color between these two structures. UV spectrum 
of benzenoid structure shows sharp peak in visible light region, on the other hand, that of 
quinoid structure shows broad signal leading to the infrared region. Quinoid structure, or 
doped structure, shows high conductivity so that high conductive polymer films often take 
black or dark color explained by the UV spectra measurements. 
 
 
Figure 1.2.3 Benzenoid of quinoid and structures of PEDOT (left), and the typical UV-vis 
spectra of the benzenoid (red) and quinoid (blue) structure. 
 
 Polythiophene derivatives such as a poly(3-hexylthiophene) (P3HT)26 and PEDOT27 
are widely studied as charge-transporting or conducting polymers. Especially, PEDOT which 
shows high conductivity, electrochemical stability, and high charging capacity has been 
developed by many researchers. There are various PEDOT preparative methods to improve 
the conductivity and control the polymer conformations to fulfill required properties as a 
hole-transporting material in electrochemical devices.28 3,4-Ethylenedioxythiophene (EDOT) 
is commonly polymerized by oxidative reaction in organic solvents with inorganic or organic 
oxidants, such as Fe(III) salts and peroxodisulfate. At the same time, the anions derived from 
the oxidant play a role as a dopant. The resulting PEDOTs have high conductivity and low 
solubility because of their high molecular weight, so the polymers are collected easily by 
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filtration. For example, PEDOT mini-emulsion was reported by Ruppert and coworkers.29 The 
PEDOT mini-emulsion was prepared by coating surfactant micelles by PEDOT, polymerized 
on the micelles as shown in Figure 1.2.4. The mini-emulsion is easy to disperse in water so 
that the emulsion could be applied easily for electric devices. The particle size, doping level, 
and conductivity could be tuned by the condition of mini-emulsion polymerization for its use. 
 
 
Figure 1.2.4 Schematic image of the mini-emulsion polymerization of PEDOT. 
 
 Conducting polymers, or PEDOT, have advanced characteristics to be applied to 
electrochemical devices as a charge-transporting material owing to their high conductivity, 
however, the insolubility in common solvents sometimes causes a problem in case of  
fabricating the devices with the polymers. To solve the problem, in-situ polymerization is 
used and studied. Electrochemical polymerization is the most famous method to form 
conducting polymers on substrates directly (Figure 1.2.5). The polymerization method has 
many advantages: (i) short polymerization times, (ii) quantitative yield of the polymer films, 
(iii) fabrication of free-standing films, and (iv) controllable thickness and molecular weight 
by monitoring the reaction charge amount. Resulting PEDOT is doped by anions derived from 
supporting electrolytes.30 The electrochemical polymerization provides high conductive 
polymers easily so that it has been used to form the conducting polymers in fabrication of 
electrochemical devices, however, an application of the polymerization is limited to 
conductive electrodes such as metals, indium-tin oxide (ITO), and fluorinated-tin oxide (FTO) 
substrates. 
 
Figure 1.2.5 Schematic image of electrochemical polymerization of EDOT. 
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Thermal reaction is one of the conventional in-situ polymerization methods to form 
high conductive PEDOT. 2,5-Dihalo-EDOTs have high crystallinity in their solid state, and 
dibromo-EDOT is examined to polymerize by solid state polymerization by heating.31-32 A 
distance between 2,5-dibromo-EDOT molecules is close enough to occur polymerization in 
the crystal, and the polymerized structure is more stable than the monomer state because the 
polymerization reaction is exothermic (Scheme 1.2.1). As the result, solid dibromo-EDOT is 
polymerized by heating in oven around 60 °C without any additives to provide well-ordered 
halogen-doped PEDOT. A conductivity of the resulting PEDOT is ~ 10 S/cm. This 
polymerization method allows to fabricate clear and high conductive polymer electrode easily 
and to reduce the resource consumption because solvents and oxidants are unnecessary. 
 
 
Scheme 1.2.1 Polymerization of 2,5-dibromo-EDOT. 
 
 The solid-state polymerization was utilized to fabricate dye-sensitized solar cells 
(DSSCs) as a counter electrode instead of Pt electrode33 or solid-state DSSC as a 
hole-transporting layer.34 For the counter electrode, dibromo-EDOT was spin-coated onto 
pre-cleaned glass or polymer substrate and polymerized at 80 °C. A full plastic DSSC, 
fabricated with the PEDOT-coated electrode as the counter electrode, exhibited good 
flexibility and its photo-electric conversion efficiency was up to 4.65%. It meant that the 
solid-state polymerization provided low-cost fabrication of counter electrode which provides 
high performance Pt-free flexible DSSC. Another application of the PEDOT was to fabricate 
solid-state DSSC. The dibromo-EDOT monomer solution penetrated into a porous TiO2 
electrode adsorbed by dye molecules, then the solvent was removed to crystallize the 
dibromo-EDOT in the porous space. The TiO2 photo-anode was heated to 60 °C in oven to 
polymerize the monomers. Resulting porous TiO2 electrode was fulfilled by the PEDOT and 
utilized to fabricate solid-state DSSC whose photo-electric conversion efficiency was around 
5%. 
The solid-state polymerization method promises a new and simple method to 
synthesize the conducting polymer, PEDOT, on the various substrates directly to make (i) the 
hole-transporting layer in solid-state DSSCs by alternative to the common fabrication method 
using photo-electrochemical polymerization, and (ii) metal-free counter electrode with 
low-cost fabrication, flexibility, and high conductivity. To solve a problem of the solid-state 
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polymerization with tight range of application, the polymerization would be major method to 
form functional polymers applied to electrochemical devices utilized conducting polymers. 
Finally, the author introduces vapor-phase polymerization, which is conventional and 
well-known in-situ polymerization to obtain very high conductive PEDOT. This 
polymerization uses vaporized monomers as a precursor such as thiophene, pyrrole, and 
EDOT, and oxidant pre-coated substrates are prepared by spin-coating of Fe (III) complex 
solution in t-BuOH previously. These vaporized monomers are polymerized on the substrates 
by attacking to pre-coated oxidant (Figure 1.2.6).35 The polymer’s thickness can be controlled 
by the amount of oxidant on the substrate and polymerization conditions (temperature and 
time). The acidity of oxidant also affects the polymerization. The anions of Fe(III) complexes 
work as a dopant, so that it is important for the polymerization to choose appropriate Fe(III) 
complex. Under the optimized polymerization condition, EDOT is polymerized to give 
PEDOT with high conductivity exceeding 1,000 S/cm.36    
 
Figure 1.2.6 Schematic image of vapor-phase polymerization and chemical structures of 
the Fe(OTs)3 as the oxidant and resulting PEDOT/OTs. 
 
 In addition to the high conductivity, the remaining oxidant can be removed easily by 
washing with alcohol, and flat polymer films could be obtained on the complex surface. The 
vapor-phase polymerization has been used to coat carbon nanofibers with conducting 
polymers for application to supercapacitors.37 The resulting PEDOT on carbon nanofibers 
plays a role of charge-storage material with high stability, flexibility, and conductivity. The 
supercapacitor displayed high performance (a maximum power density = 4.2 kW/kg) and 
cyclability (92.4% of initial capacity was maintained after 1000 cycles), due to high 
conductivity and stability of PEDOT obtained by vapor-phase polymerization. 
 The vapor-phase polymerization is very conventional method to obtain high 
conductive polymer, however, the applicable monomers are limited to high-volatile 
monomers such as EDOT. It is difficult for low volatile functional monomers to polymerize 
by the vapor-phase polymerization. As the PEDOT obtained by vapor-phase polymerization 
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has many advantages of conductivity, cost-efficiency, and stability, the in-situ polymerization 
has attracted great attention as an appropriate method to form conducting polymers for 
electrochemical devices. 
 
1.2.2 Redox polymers 
 
 Organic molecules with a reversible electrochemical redox ability are applied to 
organic devices such as sensors and dye-sensitized solar cells due to their high reactivity and 
stability.38-40 The electrochemical properties of the redox molecules have diversity in the sight 
of redox potential, charge capacity, the amount of reaction electron, and so on (Figure 1.2.7, 
Table 1.2.2). Redox molecules with negative redox responses such as naphthalene diimide 
and anthraquinone can hold electrons during reduced state on their oxygen atoms and the 
reduced states are stabilized with their conjugated structure. The imide and quinone could be 
applied to n-type semiconductors and anode-active materials in rechargeable devices.41-42 
Positive redox molecules, such as a 2,2,6,6,-tetramethylpiperidine-1-oxyl (TEMPO) and 
ferrocene, work as an electron donor applied to biosensor and mediator in dye-sensitized solar 
cells. 
 
 
Table 1.2.2 Summary of electrochemical properties of redox active molecules. 
Redox structure 
Redox potential 
(V vs. Ag/AgCl) 
Redox type 
Charge capacity 
(mAh/g) 
 
+0.68 p-type 172 
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Figure 1.2.7 Chemical structures and redox potentials of redox active molecules. 
 
Pendant type polymers bearing redox active molecules on their side chains, called 
redox polymers, are utilized in organic energy devices such as a rechargeable device due to 
their charge-transporting and -storage capabilities. These redox polymers are composed of 
three functional units: main chain, connector, and electroactive redox moieties. Physical 
properties of the polymers could be controlled by the chemical structure of the main chain and 
connector (Figure 1.2.8). Polyvinyl backbone is the simplest structure in pendant-type redox 
polymer backbones which can contain high density redox moieties, however, the polymer 
structure has usually low solubility or swellability because of their rigid structure. Polymer 
backbones or connector with oxygen atoms, such as polyethylene glycol and poly(methyl 
methacrylate), have high flexibility and large polarity. The functional polymers with these 
components often show low glass-transition temperature, high solubility, and high swellability 
in various solvents. Polynorbornene has been used as a redox polymer backbone with high 
density redox moieties because the polynorbornene structure has two substitution sites 
described as R1 and R2 in Figure 1.2.8. The polynorornene also has double bond which could 
be post-crosslinked by photo polymerization or any other methods to obtain insoluble and 
robust polymers.43 The electrochemical properties of redox polymers depend on the redox 
active molecules on the side chain. To consider the combination of backbones and redox 
active molecules, physical, mechanical, and electrochemical properties of redox polymers 
could be desined with abandon.  
 
 
Figure 1.2.8 Typical examples of polymer backbones. 
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 Charge-transporting mechanism in the redox polymers is different from metals and 
conducting polymers. Charges in the metals and conducting polymers are transport by band 
conduction of free electrons or careers in the materials, however, charges in redox polymers 
are transported by electron hopping caused by redox reaction between redox units, which 
mechanism is called “redox conduction” (Figure 1.2.9).44 The self-electron exchange reaction 
occurs between the redox centers in the polymers when the distance of redox centers are close 
enough to take place the electron hopping. The charge-transporting rate by redox conduction 
depends on the second order of the redox center concentration, such a propagation is 
well-known as a Percolation theory,45 and the driving force of the charge propagation is redox 
gradient caused by concentration unevenness of neutral and oxidized molecules. 
 
 
Figure 1.2.9 Schematic image of redox reaction on an electrode and charge-transporting by 
electron hopping in redox polymers (top) and Percolation theory (bottom). 
 
To improve the charge-transporting capability of redox polymers, an ion conductivity 
of supporting electrolyte should be also considered. Charge-transporting by redox conduction 
is based on electrochemical redox reaction, so charge compensation to the oxidized or 
reduced molecules by counter ions occurs at the same time of electron hopping. High ion 
conductivity in the redox polymers leads effective and rapid charge compensation, as the 
result, the charge-transporting capability could be improved depending on the counter ion 
conductivity. 
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1.2.3 Device application 
 
In this section, the author introduces some electric devices, organic photovoltaics 
(OPVs), DSSCs, and OLEDs, composed of the charge-transporting polymers described in 
section 1.2.1 and 1.2.2. The charge-transporting polymers are used as an electron-transporting 
layer (ETL) and a hole-transporting layer (HTL) in various electric devices. Rechargeable 
devices composed of the redox polymers are also described in this section. 
 
Organic photovoltaics 
 
OPVs are the typical organic solar cell 
composed of hole- and electron-transporting layers. 
This solar cell generates the electricity in similar 
mechanism to a Si solar cell. Charge separation 
occurs at interface between ETL and HTL when the 
sunlight is irradiated to OPV (Figure 1.2.10), and 
the generated holes and electrons are transferred to 
an external circuit through the charge-transporting 
polymers.46 Cell performance of OPVs such as 
photo-voltage, photo-current, and conversion 
efficiency depend on electrochemical properties of 
charge-transporting polymers. The photo-electric 
conversion efficiency of OPVs is still lower than 
that of Si solar cells, however, OPVs have a considerable cost advantage. Si solar cells are 
composed of high purity Si which requires large energy consumption to prepare, but the 
OPVs are fabricated easily by roll-to-roll method due to high processability of the polymers.47 
OPVs composed of charge-transporting polymers also have an advantage to form the interface 
with large surface area between ETL and HTL, which is called bulk-heterojunction. This 
bulk-heterojunction interface could be obtained easily by mixing the solution of ETL and 
HTL layers, and the large effective area improves the photo-electric conversion efficiency 
caused by efficient charge separation.48 
 
Dye-sensitized solar cells 
 
DSSCs are known as an organic solar cell mimicking photosynthesis by reason of 
their unique photo-electric conversion mechanism (Figure 1.2.11).49 DSSCs convert the light 
energy to electricity by following steps: (i) Electrons in dye molecules are excited by 
Figure 1.2.10 Schematic image 
and photo-electric conversion 
mechanism of OPVs. 
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irradiation of sunlight from HOMO to LUMO 
level. (ii) The exited electrons are transported to 
external circuit through a conduction band of 
titanium dioxide (TiO2). (iii) The oxidized dye 
molecules are reduced by mediator solution in 
solution system or hole-transporting layer (HTL) 
in solid system to regenerate the light harvesting 
activity. (iv) The oxidized mediators or the holes 
in HTL are transported to counter electrode to be 
reduced by the electrons, as shown in Figure 
1.2.11. The DSSCs have attracted great attention 
because of their high efficiency and low 
production cost. Especially, DSSCs are known to give high photo-voltage under low light 
intensity because the theoretical open-circuit voltage is determined by the energy gap between 
photo-anode (conduction band of TiO2) and counter electrode reaction (redox potential of 
mediators or valence band of HTL). As the result, the high photo-voltage promises high 
conversion efficiency even under low light intensity condition. Conducting polymers are 
applied to solid-state DSSCs as a HTL due to their high charge-transporting capability, 
however, there is a problem how to apply the polymers to DSSC with nano-porous TiO2 
electrode. To regenerate the dye molecules adsorbing on TiO2 surface, conducting polymers 
need to fulfill the porous electrode to attach the dyes. There are many reports on fabrication of 
solid-state DSSC utilized conducting polymers such as PEDOT and P3HT. The main 
fabrication method is photo-electrochemical polymerization of monomers in the porous 
electrodes50 because it is difficult to utilize electrochemical polymerization in TiO2 on account 
of its low conductivity. In the photo-electrochemical polymerization, precursor monomers are 
oxidized by excited dye molecules and oxidative polymerization starts on the dye molecules, 
and the resulting conducting polymers are formed in the porous electrode. Then, good 
interface between dye molecules and conducting polymers are formed. By 
photo-electrochemical polymerization, high efficiency up to 7.1% of a solid-state DSSC has 
been reported.51 
 
Organic light-emitting diodes 
 
As an ETL and HTL, conducting polymers have been applied in display devices like 
OLEDs (Figure 1.2.12). The OLEDs are composed of ETL, HTL, and recombination layer. A 
luminous efficiency is directly affected by the electron- and hole-transporting capability 
because high conductivity of the polymers suppresses the energy loss during 
Figure 1.2.11 Schematic image 
and photo-electric conversion 
mechanism of DSSCs. 
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charge-transporting. The fluorescent color is tunable 
by the energy band gap between the molecules in 
recombination layer. LUMO and HOMO levels of 
ETL and HTL need to be appropriate energy levels 
compared with fluorescent molecules in order to 
inject the electrons and holes efficiently to the 
molecules. Organic materials could be adjusted to 
their electrochemical properties by designing 
molecular structures. The OLEDs have been paid 
attention due to their high efficient flexible devices 
derived from advantages of organic materials 
described above.52 
 
Rechargeable devices 
 
Rechargeable devices composed 
of organic materials have been widely 
studied as safe and sustainable energy 
devices compared with inorganic 
batteries.53 The redox polymers have high 
charge-transporting capability and 
charge-storage properties, derived from 
rapid self-electron exchange reaction and 
stability of their oxidized/reduced state. 
The redox polymers, utilized as an 
electrode active material in rechargeable 
devices, have many advantages of resource 
sustainability, safety, flexibility, and battery performances. The cell voltage of organic 
batteries is designable because the battery voltage is determined by the energy gap between 
the redox potentials of cathode- and anode-active polymers (Figure 1.2.13). Lithium-ion 
batteries, utilized electron-accepting redox polymers as a cathode-active material have been 
reported to exhibit various performances such as high charge capacity, cyclability, and 
charging-discharging rate, which are derived from electrochemical properties of the redox 
polymers. Totally organic secondary batteries are also reported as a flexible, light, and safe 
energy devices. The batteries are expected to be developed as sustainable charge-storage 
devices.54 
  
Figure 1.2.12 Schematic image of 
OLED. 
Figure 1.2.13 Schematic image and energy 
diagrams of a rechargeable device composed 
of redox polymers as cathode- and 
anode-active materials. 
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1.3 Supramolecules 
 
 “Supramolecules” are complexes of two or more molecules associated with various 
intermolecular interactions to produce unique functionalities which could not be obtained 
from monomers. Supramolecular chemistry was defined by Lehn as the study about new 
functionalities obtained from formation of high ordered molecular assembly aggregated by 
weak non-covalent intermolecular interactions. Pedersen, Cram, and Lehn won the Nobel 
Prize in 1987 owing to the discovery and development of the supramolecular chemistry. 
Initially, host-guest compounds such as crown ether and cyclodextrin were studied as 
functional supramolecules to catch molecules and ions by the interactions (Figure 1.3.1).1-2 
Recently, the research of supramolecules have expanded to various functional materials such 
as Langmuir–Blodgett film, self-assembled layers, gelling agent, liquid crystal, and so on, due 
to their amazing and interesting properties. In 
this section, the author describes any types of 
intermolecular interactions which are used to 
fabricate supramolecular materials. The 
application of supramolecules for practical use is 
also described, especially, gelling agent 
composed of supramolecular polymers are 
picked up as a functional supramolecules and 
compared with polymer gels.  
  
1.3.1 Intermolecular interactions 
 
Organic molecules and polymers are commonly bound each other by covalent 
bonding such as C-C, C-O, C-H, and O-H bonding. These covalent bonding is very stable and 
usually irreversible, however, supramolecules are bound by intermolecular interactions whose 
binding energy is weaker than that of covalent bonding. The intermolecular interactions are 
often reversible because of their low binding energy. Such a reversible bonding provides 
unique properties to the assembled supramolecular polymers. The intermolecular interactions, 
such as hydrogen-bonding, - interaction, hydrophilic-hydrophobic interactions, and van der 
Waals interaction, are non-covalent bonds based on electrostatic interaction between each 
monomers or long distant moieties in case of polymer chain. The non-covalent bonding 
energies depend on the amount of charge and bonding distance. Rough strength is described 
as bellow (Figure 1.3.2):3-5 
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Figure 1.3.2 Bonding energies of intermolecular interactions. 
 
 
Hydrogen-bonding 
 
Hydrogen-bonding is the main driving-force to associate molecules in solution and 
solid state. Hydrogen-bonding occurs between proton and proton acceptors. 
Hydrogen-bonding forms various supramolecular structures homomerically (Figure 1.3.3) 
and/or heteromerically (Figure 1.3.4), depending on the monomer structures. The 
hydrogen-bonding is widely used to assemble coordination of wired (1D), lamellar and ribbon 
(2D), and crystalline (3D) structures toward self-organized chemistry.6-7 
 
 
 
Figure 1.3.3 Typical examples of homomeric hydrogen-bonding structures. 
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Figure 1.3.4 Examples of heteromeric hydrogen-bonding structures. 
 
Hydrogen-bonding could be observed in nature widely. The typical example of 
hydrogen-bonding is water which shows unique physical properties and various formation of 
the crystal structure. Common liquids have high density in their frozen state compared with 
liquid state, because the molecules and atoms are bound strongly in their solid state with the 
densest structure. Water density shows unique tendency different from other liquids. The 
density of frozen ice state (0.917 kg/L) is less than that of liquid phase (1 kg/L at 4 °C), 
because the strong hydrogen-bonding forms tetrahedron crystalline structure with large free 
spaces (Figure 1.3.5). 
 
 
Figure 1.3.5 Schematic images of H2O conformation in liquid state (left) and solid state 
(right). Solid state forms regular structure by hydrogen-bonding. 
 
Double helix structure of DNA is also 
typical example of ordered structure formed by the 
hydrogen-bonding. DNA polymer chain is composed 
of four kinds of bases, guanine, adenine, cytosine, 
and thymine (Figure 1.3.6). These units have two or 
three hydrogen-bonding moieties to associate DNA 
polymer chains. As the result, DNA forms double 
helix structure which is the most stable structure. 
The double helix structure ensures the long-term 
stability to DNA, and genetic information recorded on DNA can be replicated thanks to the 
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reversible formation between the double helix structure and mono-chain structure supported 
by the weak hydrogen-bonding. 
Due to these unique properties and ordered structures, hydrogen-bonding has been 
applied to design molecular structures in large scale for crystalline organic chemistry, 
self-healing polymers, and supramolecular gelators by using their ordering associate and 
coordination ability. 
 
- interaction 
 
 Organic molecules composed of aromatic rings 
could form -conjugated rigid planar structure with 
delocalized electrons. The planar molecules are piled up by 
- interaction (or called -stacking interaction) which 
occurs between aromatic rings of the compounds by 
London dispersion force. There are different kinds of 
conformation formed by - interaction such as 
face-to-face and face-to-edge (Figure 1.3.7). The 
face-to-face stacking is more stable than face-to-edge 
because of overlapping of -conjugated electrons. The - 
interaction supports to orm large scale (5 – 100 nm length) 
ordered structure, which is important to improve the 
charge-transporting capability of electroactive 
supramolecular polymers.8 The electrostatic -conjugated 
organic molecules, such as naphthalenediimide (NDI) and 
perylenediimide (PDI) derivatives, work as an organic 
n-type semiconductor with high charge-transporting 
capability even under air condition (Figure 1.3.8).9 By 
optimizing the stacking conformation of the NDI 
compound, the electron-transporting capability could be 
improved. Based on the  interaction, high performance organic field-effect transistor with 
NDI molecules as a n-type semiconductor has been reported.10 
-Conjugation system has been applied as a chemosensor, because aggregation of 
-conjugated molecules by strong - stacking causes the color change of their fluorescence 
in solid and liquid phase. The color of fluorescent depends on the chemical structure of 
solvents and additives, so that the -conjugated monomers and polymers could be applied to 
the fluorescent sensor to detect -conjugated molecules and estimate the strength of 
-conjugation.11  
Figure 1.3.7 Face-to-face and 
face-to-edge interactions. 
Figure 1.3.8 Schematic 
image of -stacking NDI 
and the electron transfer. 
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Hydrophilic and hydrophobic interactions 12-13 
 
The hydrophilic and hydrophobic interactions play a role in the aqueous or organic 
solution. The different affinity of solution affects the aggregation of amphiphilic molecules as 
shown in Figure 1.3.9. Such molecules called surfactant are used as a detergent by changing 
the interface and surface properties, and they are widely applied for formation of an emulsion 
and cream. They also improve compatibility of addition agents, and the material functionality, 
such as lubricity and antistatic property, and dyeing adjuvant, could be improved. 
   
 
 
Figure 1.3.9 Typical examples of amphiphilic molecules (top) and formation of micelle (left) 
and double layer (right) by hydrophilic and hydrophobic interaction. 
 
 The surfactant shows different tendency in water and organic solvents. Surfactant 
faces the hydrophilic unit to the water-surfactant interface and the hydrophobic units are 
assembled inner the aggregation. On the other hand, the hydrophobic units face to the 
liquid-surfactant interface in organic solvent. When the concentration of amphiphilic 
molecules increases and exceeds a critical micelle concentration (CMC), the micelle (or 
double layer) structure is appeared (Figure 1.3.10). This is because the aggregated molecules 
tend to minimize the surface energy to form stable state, as the result, the amphiphilic 
molecules form the micelle and double layer structures in solvents. This tendency is used to 
fabricate phase separation structures such as block polymer structure easily. 
 
 
Figure 1.3.10 Schematic image of surfactant behavior in water. 
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Van der Waals Interaction14 
 
Van der Waals force is too weak interaction to work as a main driving force of 
supramolecules, however, the force is important to understand the supramolecular polymers 
because it exists everywhere and supports the self-assembling. Van der Waals interaction 
occurs by the polarization of an electron cloud in atoms or molecules, and the strength of van 
der Waals interaction is proportional to the sixth power of the molecular distance (r6) (Figure 
1.3.11). Large atoms and molecules have large polarization so that the van der Waals force 
becomes strong. The supramolecules sometimes take nano- and micro-scale aggregation, so 
the weak interaction cannot be negligible to understand supramolecular chemistry. 
 
Figure 1.3.11 Polarization and generation of van der Waals interaction. 
 
 
1.3.2 Self-assembled supramolecular polymers 
 
 Repeating units are bound by covalent bonding in polymers, on the other hand, 
supramolecular polymers are fabricated by non-covalent bonding described in 1.3.1. The 
self-assembled supramolecules formed various structures such as dimer, trimer, 
supramolecular polymers with 1 D, 2 D, and 3 D structures bound by weak interactions. The 
supramolecular polymers have been used for various field due to their ordered structure and 
other unique properties.15 The most attractive property of the supramolecular polymers is their 
reversible bonding which provides self-healing ability. Polymers bound by covalent bonding 
are very stable and strong, but the bonding is irreversible when the covalent bonding is 
cleaved. On the other hand, the supramolecular polymers have weak bonding points by 
intermolecular interactions. When supramolecular polymers are damaged, the weak bonding 
points are cleaved preferentially and the bonding could be healed by thermal treatment or 
other physical in-situ treatment.16-17 This supramolecular process heals not only the 
mechanical properties but also electrochemical properties such as a conductivity.18-20 The 
intermolecular interactions can connect not only monomers but also covalent bound polymers. 
Such hybrid supramolecular polymers are compatible with excellent mechanical properties 
and unique functionality derived from polymers and supramolecular polymers. 
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Figure 1.3.12 Schematic image of self-healable supramolecular polymers. 
 
 Supramolecular polymers have an advantage of their easy formation by in-situ 
method. For example, it was reported that layer-by-layer method just dipping in ligand 
molecules and metal ions solution gave electrochemical robust polymeric film.21 The film 
thickness could be controlled quite easily by the number of dipping cycle in the ligand and 
metal ion solutions. The electrochromic supramolecular polymer film exhibited reversible 
color change by sweeping voltage without any degradation over 20,000 cycles.  
 Thus, supramolecular polymers are prepared easily by intermolecular interactions 
and show unique and high performance for practical use in electrochemical devices. 
 
1.3.3 Polymer and supramolecular gels 
 
 Gel is a soft material containing large amount of solvents in the 3D network structure 
composed of polymer chain (polymer gel) or supramolecular polymer chain (supramolecular 
gel). The gels show both solid and liquid properties. The gel state has no fluidity but the 
liquids are moved freely in the network structure. Polymer gels, formed by poly(ethylene 
oxide), poly(acrylonitrile), poly(methyl methacrylate), and poly(vinylidene fluoride), have 
been known for application in an electrochemical device filed to solidify the liquid phase in 
the devices. In battery application, polymers are used as various roles: electrode-active 
materials, electrolytes, and gelling agents of electrolyte solution. Instead of electrolyte organic 
solution, the polymer electrolytes without solvents have been developed to achieve safe and 
long life lithium battery. But the low conductivity of polymer electrolyte at room temperature 
is a considerable problem for practical use.22 Another example of the application is to be 
utilized as gelling agents to solidify the electrolyte. In the polymer gel with organic solvents, 
high ionic conductivity is obtained because the ions can move freely in electrolyte.23-24 The 
polymer gel electrolytes are also used to quasi solid-state DSSCs to solidify mediator solution 
with high ion conductivity. The performance of quasi solid-state DSSCs is comparable to that 
of solution system DSSCs and the stability is improved by preventing solution leakage.25 
When solar cells are irradiated by sunlight, the surface becomes high temperature and high 
Cleaved Re-binding 
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ionic conductivity of polymer gel electrolyte is obtained without evaporating organic 
solvents.26 
  
Table 1.3.1 Features of polymer gels and supramolecular gels23-24,27 
 Polymer gels Supramolecular gels 
Gelation agent Polymer Monomer 
Driving force Covalent bond Molecular interactions 
Amount of gelator < 10 wt% > 10 wt% (≈ 1 wt%) 
Mechanical strength Strong Weak 
Sol-gel transition Irreversible Reversible 
 
Supramolecular polymers play a role of the gelling agent in similar to covalent 
polymers. The properties of polymer gel and supramolecular gel are summarized in Table 
1.3.1. Supramolecular gel can contain large amount of solvents in the gel state compared with 
polymer gels, and the large amount of solvents provides high ion conductivity to the 
supramolecular gels derived from rapid ion diffusion.28-29 For preparation of supramolecular 
gels, low molecular weight gelators are self-assembled by molecular interactions to form 
supramolecular polymers, and then the supramolecular polymers work as gelling agent to 
solidify the solution. This gelation mechanism is similar to the polymer gels formed by the 
polymerization method (Figure 1.3.13). Though the preparation method of supramolecular 
gel and polymer gel are similar, the supramolecular gels show reversible sol-gel transition by 
thermal treatment and the polymer gels do not show such a reversible transition.30 
 
 
 
Figure 1.3.13 Schematic images of preparation methods of polymer gels (top) and 
supramolecular gel (bottom). 
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 Most of all supramolecular gelators are designed with three units: stacking units, 
linker units, and chiral units. The stacking units, which are composed of aromatic ring, 
cyclohexane ring, glucose, or electron deficient ring, determine how to assemble by 
intermolecular interactions. The linker unit has sometimes long alkyl chain to prevent from 
crystallizing the gelators to form supramolecular polymers. The chiral unit provides the 
directional intermolecular interaction to fabricate supramolecular aggregates.31-32 In addition, 
strong intermolecular interaction such as hydrogen bonding by amide units provides strong 
and stable supramolecular gels. Some examples of supramolecular gelators are show in 
Figure 1.3.14. 
 
  
Figure 1.3.14 Typical examples of supramolecular gelators.31,33-40 
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The supramolecular gelators solidify various kinds of liquids including water, polar 
and nonpolar organic solvents, and ionic liquids by small amount of gelling agents.41 To 
substitute functional molecules for the supramolecular gelatots, resulting supramolecular gels 
exhibit various functionalities derived from substituent groups.42 For example, 
supramolecular gelators having diarylethene,43 liquid crystal molecules,44 and diazo 
connection have been reported to show reversible sol-gel transition based on optical responses. 
Another example is fluorescent supramolecular gels. Supramolecular gels with fluorescent 
moieties produce fluorescence in the gel states, and the intensity is often increased from 
monomer solution due to Aggregation-Induced Emission Enhancement (AIEE) system.45 
In this thesis, the author focused on the supramolecular gel as a new functional soft 
material because of its unique and conventional properties. 
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2.1 Introduction 
 
 Redox-active organic molecules and their polymers (redox polymers) have been 
widely studied to be examined as a trigger, a mediator, and a functional body in 
electrochemical devices such as sensors,1,2 electrochromic devices,3,4 light-emitting 
electrochemical cells,5,6 and dye-sensitized solar cells.7,8 To perform fast and reversible 
activity in the devices, nitroxide radicals such as TEMPO 
(2,2,6,6-tetramethylpiperidine-N-oxyl) and its derivatives have been often utilized because of 
their high reactivity, reversibility, and robustness under ambient atmosphere in comparison 
with those of other organic redox molecules.9,10 The authors extended the TEMPO radicals to 
their polymeric analogues, the polymers pendantly bearing the nitroxide radicals, (we called 
them “radical polymers”), such as poly(TEMPO-methacrylate) (PTMA)11 and 
poly(TEMPO-substituted norbornene) (PTNB).12 The radical polymers displayed excellent 
charge-transporting capability derived from their rapid electron self-exchange reaction 
between the redox sites. We focused on and developed the radical polymers as the 
charge-transporting and -reversible storable site in the cathode of rechargeable devices or 
batteries.13,14 Rechargeable devices with the radical polymers as the cathode active material, 
for example, exhibited high stability up to 1000 charging-discharging cycles and rate property 
whose charging-discharging time was only a few minutes.11,12 
Charge propagation by the exchanging reaction in redox polymers occurs when the 
distance between redox sites is enough close because the physical diffusion of redox sites is 
prohibited in the redox polymers. So, the charge propagation depends on the redox site 
concentration.15 Diffusion of counter ions in the redox polymers also often influenced the rate 
of charge-transporting.16 We discussed, for example, effect of the mobility of counter ions in 
electrolytes on the charge-transporting within the radical polymers, by using a charge 
diffusion coefficient of PTMA gel swelled with the propylene carbonate electrolyte, and 
concluded that the charge-transporting capabilities in the radical polymers were dominated 
with the mobility of counter anion rather than the concentration of redox site.17 Polymer gel 
electrolytes contain large amount of electrolyte solutions held in the polymer network 
composed of highly polar polymers such as poly(ethylene oxide), poly(acrylonitrile), 
poly(methyl methacrylate), and poly(vinylidene fluoride).18 The polymer gels exhibited high 
ion conductivities even as the (quasi) solid electrolytes, which have been widely applied to 
polymer or solidified electrolytes of lithium-ion batteries.18  
Supramolecules fabricate nanometer-scale supramolecular polymers self-assembled 
by molecular interactions such as a hydrogen-bonding, van der Waals force, molecular 
stacking, and hydrophobic interaction.19 A DNA double helical conformation and liquid 
crystal structures are typical examples of the self-assembled supramolecular polymer. Many 
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types of supramolecular polymers have been reported as gelling agents like polymer gels.20,21 
Among the supramolecular gelators, cyclohexanediamine derivatives22,23 form a 3D network 
structure of supramolecular polymer chains and contain large amount of solvents including 
not only common solvents but also ionic liquids and liquid crystals. Around 30 wt% of 
polymer gelators are necessary to form the polymer gels, on the other hand, the small amount 
of supramolecular gelators under 10 wt% could form gel state with various organic solvent 
(organogels). Although organic solvents occupy almost composition of the supramolecular 
gels, the solvents are solidified and prevented to evaporate by entrapment in the solid 3D 
matrix of supramolecular polymers. The large amount of solvents leads high ion 
conductivities in the supramolecular gels.24 The supramolecular gel electrolytes and liquid 
electrolytes have almost the same ionic conductivities in the range 10-3 – 10-2 S/cm,18,24,25 on 
the other hand, the conductivities of the polymer gel electrolytes were in the range 10-4 – 10-3 
S/cm).18 Mullen and coworkers reported an -stacking intermolecular distance in 
supramolecular polymer is 3.5 Å.26 Kato and coworkers also reported a supramolecular 
gelator with TEMPO moiety as a magneto-active physical gel and revealed an interspin 
distance in the supramolecular polymer to be 4.6 Å analyzed by molecular mechanics.27 These 
intermolecular distance of supramolecular polymers is close enough to occur an electron 
self-exchange reaction (< 10 nm).15 Supramolecular gelators also show thermally reversible 
sol-gel phase transition because of the weakly bound supramolecular polymer chains. The 
energy of hydrogen-bonding is within the range of 10 – 65 kJ/mol which is weaker than that 
of some covalent bonds (146 – 563 kJ mol).28 The reversibility gives a self-healing property 
and recyclability to the supramolecular gels. For these reasons, we anticipated that a 
supramolecular gel bearing TEMPO moiety could exhibit very efficient charge-transporting 
performance even as the (quasi) solidified state. 
In this chapter, the supramolecular gelator with charge-transporting capability was 
designed and synthesized based on the cyclohexanediamine derivative with a TEMPO as a 
charge-transporting moiety. 1,2-Cyclohexanediamine derivatives have been reported to 
exhibit excellent gelation ability against polar organic solvents commonly used for 
electrochemical devices, and the functional molecules could be substituted to the end of the 
alkyl chains. The charge-transporting supramolecular gelator was composed of four functional 
moieties described as follows: stacking moiety (cyclohexane), hydrogen-bonding moiety 
(diamine), van der Waals and inhibition moiety to crystallize (long alkyl chains), and 
charge-transporting moiety (TEMPO). Optical isomers of the gelator were synthesized 
separately because it is known that a steric structure of supramolecular gelators affects 
molecular alignment. Gelation abilities of the gelators were estimated from gelation and 
melting points of resulting gels. The morphology of the supramolecular gel was investigated 
by scanning electron microscopy (SEM) observation. We also revealed the high 
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charge-transporting capability of the gels by measuring charge diffusion coefficient (D) and 
bulk current density. High D value as same order as that of solution system (> 10-6 cm2/s) and 
large current density over 1 mA/cm2 were expected because of high ion conductivities in 
supramolecular gels. Finally, half-cell performance was tested to estimate a charge-storage 
property of the gel and applicability to rechargeable devices. 
 
 
Figure 2.1.1 Concept image of the charge-transporting supramolecular gel. 
 
 
2.2 Synthesis, characterization, and gelation capability of  
 TEMPO-substituted cyclohexanediamine 
 
 To synthesize a new supramolecular gelator with high charge-transporting capability, 
it is significant to design the molecular structure strategically. The author referred to radical 
polymer structure such as PTMA and PTNB. These radical polymers are composed of three 
units: (i) polymer backbone, or a main chain, to form the polymeric structure and tune the 
physical properties such as solubility and swellability, (ii) connector to bind the polymer 
backbone and functional molecules, and (iii) TEMPO as a charge-transporting and -storable 
moiety (Figure 2.2.1). 
 
Figure 2.2.1 Tactics to design a new charge-transporting supramolecular geletor. 
A Charge-Transporting and -Storage Soft Material: 
TEMPO-Substituted Supramolecular Radical Gels 
 
35 
 
 Based on the radical polymer structures, the author designed a new supramolecular 
gelator with stable radical, TEMPO, as a charge-transporting moiety. The difference between 
radical polymer and supramolecular radical polymer was how to bind the repeating units. The 
main chains of radical polymers were bound by covalent bonding, on the other hand, the 
supramolecular polymer was bound by non-covalent bonding, or intermolecular interactions. 
We chose a cyclohexanediamine derivative from various supramolecular gelators as a base of 
a new charge-transporting gelator because the derivative showed high gelation ability with 
polar organic solvent and could be installed functional substitution easily. As the results, 
TEMPO-substituted cyclohexane derivative was designed as a new charge-transporting 
supramolecular gelator composed of cyclohexanediamine to form supramolecular polymer by 
intermolecular interactions, long alkyl chain to provide flexibility to TEMPO moiety and 
prevent crystallization of the supramolecular molecules, and TEMPO as a charge-transporting 
moiety (Figure 2.2.2). 
 
  
Figure 2.2.2 Structure of a new charge-transporting supramolecular gelator 
 
 
 
 
Scheme 2.2.1 Synthetic route of TEMPO-substituted cyclohexanediamine derivative (TCD). 
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We prepared mono- and bis-TEMPO-substituted cyclohexanediamine derivative at 
first, however, the bis-substituted one showed no gelation ability against organic solvents 
because two bulky TEMPO moiety prevented the self-assembling of the molecules. The 
mono-TEMPO-subsituted one (TCD) showed good gelation ability so that we used and 
reported the properties of TCD in this chapter. Enantiomers of TEMPO-substituted 
cyclohexanediamine derivatives (R-, S-, and racemic-TCD) were synthesized separately 
according to optical activities of starting material (Scheme 2.2.1). The optical activities of R-, 
S-, and racemic-TCD were measured by circular dichroism (CD) spectra shown in Figure 
2.2.3. The R- and S-TCD displayed opposite spectrum peaks with same intensity, and the 
racemic compound displayed no spectrum peak. Thus, we concluded the enantiomers could 
be prepared using optical starting material without any racemization in the synthesis rout, and 
the racemic compound included R- and S-TCD in the ratio of 50:50. 
 
 
Figure 2.2.3 Circular dichroism spectra of racemic (black), (1R, 2R)- (red), and (1S, 2S)-TCD 
solution in acetonitrile at room temperature. Concentration of TCD (c) = 0.5 mM, optical path 
length (l) = 2 mm. 
 
R-, S-, and racemic-TCD exhibited high gelation ability derived from 
cyclohexanediamine moiety. Only 10 mM (0.84 wt%) of the prepared compounds gelled 
common organic solvents such as acetonitrile (AN), -butyrolactone (GBL), and ethylene 
carbonate/diethyl carbonate mixture (EC/DEC) used for electrochemical devices (Table 2.2.1). 
The gels were prepared reversibly by dissolving TEMPO-gelator in hot solution, and then 
cooling to room temperature (Figure 2.2.4). The sol-gel transition of the gels was reversible 
by dissolving TCD in hot solution, and then cooling to room temperature because the 
hydrogen-bonding energy of supramolecular polymer was weaker than covalent bonding of 
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polymers. The supramolecular gels formed by TCD showed self-healing property by 
temperature control owing to this reversible transition which became the driving force of 
self-healing material. 
 
 
 
 
Figure 2.2.4 Photo of reversible sol-gel transition of AN gel by heating and cooling 
 
The supramolecular polymer was formed during precipitation of the supramolecular 
gelators taking metastable state. The long alkyl chain prevented to form the crystal structure, 
and the hydrogen-bonding and cyclohexane stacking stabilized the metastable state in order to 
form supramolecular polymer. This supramolecular polymer took nanofibrous structure and 
the fibers gathered together to form a stable bundle structure. This tough structure became the 
outline of a gel supporting to contain large amount of liquid in the 3D network structure to 
form the gel state. The 3D network structure of self-assembled supramolecular polymer 
chains was observed in the gel state by SEM (Figure 2.2.5). The 3D network structure 
composed of supramolecular nanowires held large amount of solvents in their free space to 
form stable gel state.  
Solvent Electrolyte Gelation*
AN gel
AN 0.1 M TBAClO4 gel
AN 0.1 M TBABF4 gel
AN 0.1 M TBAPF6 gel
AN 0.1 M LiPF6 solution
GBL gel
EC/DEC gel
chloroform solution
hexane insoluble
DMF partially gel
Table 2.2.1 Gelation capability of 10 mM TCD
* at room temperature
heating 
cooling 
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Figure 2.2.5 SEM image of nano-wired supramolecular polymers in xerogel prepared by 
water substitution and freezing-dry method from 20 mM R-TCD AN gel. The bundle 
thickness was estimated to be 30 – 100 nm. 
 
In the supramolecular polymer chains, TEMPO moieties existed at high 
concentration, or close distance between TEMPO moieties, supported by broad ESR signal 
derived from TEMPO moiety observed in the gel state (Figure 2.2.6). These result, containing 
large amount of solution and high concentration of TEMPO moieties in the wire, indicated the 
supramolecular gel had advantages to occur self-electron exchange reaction. 
 
 
Figure 2.2.6 ESR spectra of 1 mM AN solution (top) and 20 mM AN gel (bottom) of TCD at 
room temperature. Reference standard is Mn, the position was shown as (*). 
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To reveal a driving force to form the 
supramolecular polymer, FT-IR spectra of solution and 
gel state were measured (Figure 2.2.7). Chloroform was 
chosen as the solvent of solution state because it 
dissolves 20 mM TEMPO-gelator and took solution state 
at room temperature. The spectra of 20 mM AN gels 
showed C=O stretching vibration at 1635 cm-1 same as a 
solid-state compounds, which was low binding energy 
compared with the 20 mM chloroform solution (C=O = 
1654 cm-1), indicated that intermolecular 
hydrogen-bonding was one of the driving forces to form 
supramolecular polymers in the gel state. Two amide 
moieties on the cyclohexane formed hydrogen-bonding 
with two surrounding TCDs as shown in Figure 2.2.8, 
which configured the fibrous supramolecular polymer composed of TCD as repeating units 
like radical polymers. 
 
 
 
Figure 2.2.7 IR spectra of TCD in various states: 20 mM chloroform solution (solid), solid 
compound (broken), and 20 mM AN gel state (dashed). 
  
10001500200025003000
T
ra
n
s
m
it
ta
n
c
e
Wavenumber (cm-1)
16001700
C=O 
N
O
N
H
O
H
N
O
N
H
O
H
Figure 2.2.8 Schematic 
image of hydrogen-bonded 
supramolecular polymer 
formed by TCD as a 
repeating unit. 
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2.3 Thermal properties of organogels formed by the TEMPO-gelator 
 
  
 
The organogels of TCD were stable around room temperature. Especially, isolated 
enantiomers which were synthesized separately according to optical activities of starting 
material gave AN gels whose thermal stabilities were higher than that of racemic one (Table 
2.3.1, Figure 2.3.1). It suggested that the same steric structure of enantiomers promoted 
molecular alignments by efficient hydrogen-bonding of the two equatorial N-H and C=O and 
stacks of cyclohexane sites (Figure 2.3.2).22 In the enantiomer alignment, the cyclohexane 
units stacked efficiently due to their same steric structures, which was the same reason why 
cyclohexane has high melting point over 0 °C compared with n-hexane. The high stacking of 
cyclohexane units caused the close distance of amide units between the stacking molecules, 
and repeating structure was generated efficiently. In the racemic compound, different steric 
structure molecules were mixed in the alignment of stacking molecules, which generated a 
distorted hydrogen-bonding of amide units. As a result, it was easy for supramolecular 
polymer formed by racemic compounds to cause hydrogen-bonding cleavage which caused 
the collapse of gel state easily. 
 
 
Figure 2.3.1 The differential scanning calorimetry thermograms of AN gels formed by 
racemic- (left) and R-TCD (right) at the concentration of 20 mM. 
melting point gelation point
(°C) (°C)
racemic AN 51 35
enantiomer AN 61 (R ), 61 (S ) 45 (R ), 46 (S )
enantiomer  -butyrolactone (GBL) 55 39
enantiomer EC/DEC 53 42
TCD structure solvent
Table 2.3.1 DSC measurements of TEMPO gels
30 40 50 60
H
e
a
t 
fl
o
w
 (
m
W
)
T (°C)
30 40 50 60
H
e
a
t 
fl
o
w
 (
m
W
)
T (°C)
heating 
gel←sol cooling 
gel→sol 
heating 
cooling 
gel←sol 
gel→sol 
A Charge-Transporting and -Storage Soft Material: 
TEMPO-Substituted Supramolecular Radical Gels 
 
41 
 
 
Figure 2.3.2 Image of different alignment between racemic and enantiomeric compound 
derived from their different and same steric structures. 
 
 Melting and gelation temperature of supramolecular gels also depended on the 
structure of organic solvents. The different melting and gelation temperature between the gels 
composed of different organic solvents meant that the strength of hydrogen-bonding was 
affected by the polarity of the solvents. Organic solvents with carbonyl group, such as GBL, 
formed hydrogen-bonding with the amide group of supramolecular gelator. The mechanism 
was near the same with Li cation prohibited the formation of gel states by preventing 
hydrogen-bonding due to high interaction between carbonyl group of supramolecular gelator 
and Li cation. Therefore, the acetonitrile (AN) which has no carbonyl group and high polarity 
was the best solvent to form the organogel with TCD to apply to electrochemical devices as a 
charge-transporting material. 
 
 
Figure 2.3.3 The differential scanning calorimetry thermograms of an AN gel (left) and a 
GBL gel (right) of R-TCD at the concentration of 20 mM at second cycle. 
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2.4 Electrochemical properties and half-cell performance of 
the TEMPO gels 
 
The organogels were redox active gels derived from TEMPO moiety. Cyclic 
voltammograms of the AN gel with 0.5 M tetrabutylammonium perchlorate (TBAP) displayed 
reversible redox responses at E1/2 = 0.72 V vs. Ag/AgCl in the gel state (Figure 2.4.1). The 
first few cycles, the current density was decreased because neutral state TEMPO moieties 
were concentrated near the electrode. The redox reaction proceeded, electrode reaction and 
charge-transporting process come to equilibrium, and then the current density became stable 
and perfectly reversible. The peak current density increased with the increasing of gelator 
concentration, however, the current density was saturate when the gelator concentration was 
20 mM (AN gel). A high concentration gelator formed thick bundles of supramolecular 
polymer which caused small active surface to contributed redox response or low counter 
anion mobility.  
 
Figure 2.4.1 Cyclic voltammograms of 10 mM (black), 20 mM (red), and 30 mM (blue) AN 
gel with 0.5 M (C4H9)4NClO4. Scan rate = 50 mV/s. 
 
A diffusion coefficients (D) were estimated from chronoamperograms using the 
Cottrell equation in the potential range of 0 – 1.0 V vs. Ag/AgCl (Figure2.4.2). The D values 
of the AN gel was calculated to be 3.3 × 10-7 cm2/s at room temperature, which was higher 
than those of polymer films and swollen PTMA (around 10-10 – 10-11 and 10-8 – 10-9 cm2/s). 
The D values depended on room temperature as shown in Figure 2.4.2, which led the 
activation energy to be 65 kJ/mol calculated from Arrhenius plots. The high activation energy 
suggested that the charge-transporting process depended on the chemical reaction, not the free 
electron diffusion, or the charge-transporting was greatly influenced by the change of 
temperature.  
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Figure 2.4.2 Chronoamperogram of 20 mM AN gel with 0.5 M TBAP at room temperature 
(right) and Arrhenius plots of the gel at the temperature of 0, 10, 20, 30 °C (left). Inset: 
Cottrell plots of the gel.  
 
The diffusion coefficient, or charge-transporting capability, of the AN gel was 
affected by temperature described above. To estimate the reason of this dependence, we 
revealed the relationship between the ion conductivity and diffusion coefficient of the gel by 
measuring ion conductivity of electrolyte and diffusion coefficient of the AN gel under 
various temperatures (Table 2.4.1 and Figure 2.4.3). The ionic conductivities of 0.5 M TBAP 
acetonitrile solution were measured by electrochemical impedance spectroscopy.28 The ion 
conductivity of the electrolyte increased depending on the measuring temperature because 
high temperature promoted the ion diffusion in electrolyte. The D value increased in 
proportion to ion conductivity, which suggested that high ion conductivity promoted counter 
ion compensation during the redox reaction. 
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Figure 2.4.3 Relationship between ion conductivity of electrolyte and diffusion coefficient of 
the AN gel. 
 
To estimate the charge-transporting capability of the radical gels, sandwich cells 
composed of two grassy carbon substrates and 15 m or 50 m in thickness of 20 mM AN gel 
were prepared and used to measure bulk current density by four-electrode cyclic voltammetry 
(Figure 2.4.4). 
 
Figure 2.4.4 Measurement image of four-electrode CV using sandwich cells. 
 
A current build-up from E1/2 and then a diffusion-limited current density JLIM at the 
sufficiently large overpotentials were observed by impressing a voltage to the gel sandwiched 
cell (Figure 2.4.5). However JLIM was not obtained with 100 m gel, the diffusion-limited 
charge transport throughout the gel with 50 m in thickness was accomplished and the JLIM 
achieved around 1 mA/cm2 with 15 m thickness. According to previous literatures, JLIM was 
obtained from following equation:30 
𝐽LIM =
𝜔0𝑛𝐹𝐷𝐶T
𝑑
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where d, n, F, and CT are the number of electrons, the Faraday constant, the 
concentration of the pendant redox site, and the thickness, respectively. ω0 is a correction 
factor for an electrostatic coupling between electron and counter ion motion. The value of ω0 
for the TEMPO was calculated to be 1.50.31 The experimental values of JLIM in the thickness 
of 15 and 50 m were 0.83 and 0.29 mA/cm2 which was well matching of calculated JLIM. 
This result supported that charge-transporting mechanism of the gels was based on redox 
conduction in the supramolecular polymer similar to radical polymers. 
 
 
Figure 2.4.5 Four-electrode cyclic voltammograms of the sandwich cells with defferent 
thickness of AN gel: 15 m (black) and 50 m (red). The AN gel was composed of 20 mM 
R-TCD and 0.5 M TBAP in acetonitrile. Scan rate = 1 mV/s. 
 
Diffusion limit of the AN gel was estimated by measuring the amount of redox sites 
in the gel using chlonopotentiometry (CP). The charging capacity was 21.4 mAh/g, which 
meant 55% of TEMPO moieties contributed to redox reaction in the 100 m gel (Figure 
2.3.6). Thus, the charge-transporting distance was calculated to be 55 m. This 
charge-transporting distance was long more than 100 times compared to the radical polymers. 
For example, all redox sites were available from 0 – 260 nm thickness in PTNB, however, a 
charge transfer was limited to 260 nm without conductive additives.12 The result promised 
TEMPO-gel as an electrode active material cut additives such as a conduction supporting 
agent and a binder polymer. The charge-transporting distance depends on the √𝐷 value. The 
D value of supramolecular gel was 10,000 times higher than that of PTND, so the 100 times 
longer charge-transporting distance was well-matched with a theoretical value. 
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Figure 2.4.6 Chrarging curve of 100 m AN gel. Inset: Four-electrode cyclic voltammograms 
of 100 m sandwiched cells at scan rate = 0.5 mV/s. W1 (black) and W2 (red). 
 
A charging-discharging property of the AN gel used R-TEMPO-gelator was tested 
by CP using a half-cell (gel thickness = 50 m). The half-cell was fabricated using the 
sandwich cell, Pt wire, and Ag/AgCl as the working, counter, and reference electrode, 
respectively. The charging-discharging curves of the half-cell exhibited a plateau voltage at 
the E1/2 with various current densities from 10 C to 50 C (1 C rate is defined as the 
charging-discharging current which takes 1 h to charge and discharge the entire theoretical 
capacity) (Figure 2.4.7). The specific capacities of the half-cell without any conductive 
additives were 46.1 and 39.6 mAh/g at 10 C and 50 C, which agreed well with the molecular 
weight-based theoretical capacity (40.4 mAh/g), and the initial capacity was maintained over 
70% after 50 charging-discharging cycles at 10 C (Figure 2.4.8). The half-cell performance 
indicated that the TEMPO-gel was appropriate to charge storable devices as an electrode 
active material with a rapid charging-discharging capability. In addition to the good 
electrochemical properties, the gels could form sol and gel state reversibly by heating and 
cooling. This reversibility provided the self-healable electrode-active material. As the results, 
the high charge-transporting capability of the gels promised a rapid charging-discharging 
property and elimination of conductive additives such as a carbon nanofiber in a battery 
application. 
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Figure 2.4.7 Discharging curves of the 20 mM AN gels at various current densities. 
 
 
 
Figure 2.4.8 A charging-discharging curve of the 20 mM AN gel at 10 C. Inset: cycle 
performance of the half-cell. 
 
 In summary, a new supramolecular gelator with organic stable radical, TEMPO, as a 
charge-transporting moiety was synthesized as a new organic charge-transporting soft 
material. The gels with organic solvents showed stable gel state and reversible sol-gel 
transition. The gels, especially AN gel, also exhibited electrochemical activity and high 
charge-transporting capability. The half-cell performance of the AN gel promised that the new 
charge-transporting and -storable material could be applied to organic rechargeable devices 
without any conductive additives thanks to the high charge-transporting capability of the gel. 
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2.5 Experimental Section 
 
Materials. All starting materials, organic reagents, catalysts, electrolytes, and organic 
solvents were purchased from Tokyo Chemical Industry Co., Kanto Chemical Co., and 
Sigma-Aldrich Japan and were used without further purification. Isolated optical enantiomers, 
(1 R, 2 R)- and (1 S, 2 S)- trans-cyclohexanediamine, were purchased from Tokyo Chemical 
Industry Co. N-Phthaloyl-1,2-cyclohexanediamine 2 was synthesized according to literature 
procedures.32 Its spectroscopic characterization matched that of literature. 
 
Synthesis of TEMPO-gelators 
Synthesis of 11-(4-oxy-TEMPO)-undecanoic acid (1) 
 
   
 
11-Bromoundecanoic acid (4.62 g, 17.4 mmol) and tetrabutylammonium 
hydrogensulfate (294 mg, 0.87 mmol) were dissolved in 1.5 N NaOH (11.6 mL). 
4-Hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (3.00 g, 17.4 mmol) was added to the 
solution and the reaction solution was stirred for 2 days at 80 °C. The resulting mixture was 
neutralized with 1 M HCl to pH 5 – 6 and extracted with CHCl3. The organic layer was 
washed with water and brine, successively, and the dried over Na2SO4. After the solvent was 
removed under reduced pressure, the crude product was purified by silica gel column 
chromatography with diethyl ether/hexane (4/1 in v/v) as an eluent to yield 1 (1.79 g, 29%) as 
a pink solid. Tg 76 °C. 1H NMR (500 MHz, CDCl3 with pentafluorophenylhydrazine)  = 3.65 
(m, 1H, TEMPO-4), 3.42 (m, 2H, -CH2O-), 2.30 (dt, J = 7.2 Hz, 2.9 Hz, 2H, -COCH2-), 1.1 – 
2.1 (m, 32H); IR (cm-1 ): 2920, 2852, 1712, 1470, 1096, 939; FAB-MS (m/z): M+ 356.5, 
Found 356.3; Anal. Calcd for C20H38NO4: C 67.4, H 10.7, N 3.9. Found: C 67.5, H 11.3, N 
3.9. 
 
Synthesis of trans- N-Phthaloyl-1,2-cyclohexanediamine (2) 
N
OH
O
(CH2)10HO
O
NaOH aq.
Br (CH2)10HO
O
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TBAHSO4
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 p-Toluenesulfonic acid monohydrate (3.34 g, 17.5 mmol) was dispersed in xylene 
(88 mL) and heated to 120 °C for 30 min to remove water with N2 flow. 
trans-Cyclohexanediamine (2.12 mL, 17.5 mmol) and phthalic anhydride (2.60 g, 17.5 mmol) 
were added to the solution and the reaction was continued at 130 °C for 5 h. After the reaction, 
the resulting mixture was cooled to room temperature and the precipitation was collected by 
filtration. The solid was washed with xylene and hexane successively and re-dissolved to 
DCM (100 mL). The solution was stirred overnight with saturated NaHCO3 solution (100 
mL) to neutralize the 2 · p-TsOH salt. The organic layer was separated, washed with brine, 
dried over Na2SO4, and the solvent was removed under reduced pressure. The remaining solid 
was recrystallized from EtOAc/hexane to yield 2 (3.18 g, 74.4%) as a white fibrous solid. 1H 
NMR (500 MHz, CDCl3)  = 7.82 (m, 2H, ArH), 7.71 (m, 2H, ArH), 3.80 (m, 1H), 3.42 (m, 
1H) , 2.21 (m, 1H) , 2.05 (m, 1H), 1.79 (m, 3H) , 1.00 – 1.50 (m, 5H); FAB-MS (m/z): M+ 
244.3, Found 245.2. 
 
Synthesis of trans-N-phthaloyl-N’-tetradecanoyl-1,2-cyclohexanediamine (3) 
 
  
 
To the DCM (25 mL) solution of N-phthaloyl-1,2-cyclohexanediamine 2 (3.00 g, 
12.3 mmol) and pyridine (6.46 mL, 80 mmol) was added myristoyl chloride (6.66 mL, 24.6 
mmol) dropwise. The reaction mixture was stirred for 3 h at 30 °C. To the resulting mixture 
was added 1 M HCl to pH 1 and extracted with CHCl3. The organic layer was washed with 
water and brine, successively, and the dried over Na2SO4. After evaporating the solvent, 
hexane was added to precipitate 3 (3.40 g) as a white solid. 3 was used in the next reaction 
without further purification. Tg 119 °C. 1H NMR (500 MHz, CDCl3)  = 7.81 (m, 2H, ArH), 
7.68 (m, 2H, ArH), 5.20 (d, J = 9.2 Hz, 1H, -NHCO-), 4.51 (m, 1H), 3.91 (m, 1H), 2.56 (m, 
NH2
NH2
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NH3
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1H) , 2.11 (m, 1H) , 1.78 – 1.98 (m, 5H) , 0.98 – 1.37 (m, 25H), 0.88 (t, J = 7.2 Hz, 3H, 
-CH3); IR (cm-1 ): 3380, 2921, 2852, 1704, 1663, 1470, 1399, 722; FAB-MS (m/z): M+ 454.6, 
Found 455.2. 
 
Synthesis of trans-N-tetradecanoyl-1,2-cyclohexanediamine (4) 
 
  
 
Hydrazine monohydrate (6.41 mL, 132 mmol) was added to the ethanol (60 mL) 
solution of compound 3 (3.00 g, 6.60 mmol). The reaction solution was stirred for 2 h at 
70 °C. After precipitation of a white byproduct, water was added to the reaction mixture until 
the byproduct was completely dissolved. To continue adding water, another white solid 
precipitated. The precipitation was collected collected by filtration, washed with water, and 
dried in vacuo to yield 4 (1.98 g) as a white solid. 4 was used in the next reaction without 
further purification. Tg 82 °C. 1H NMR (500 MHz, CDCl3)  = 5.39 (d, J = 8.6 Hz, 1H, 
-NHCO-), 3.52 (m, 1H), 2.36 (m, 1H), 2.19 (m, 2H) , 1.97 (m, 2H) , 1.06 – 1.37 (m, 26H) , 
0.88 (t, J = 7.2 Hz, 3H, -CH3); IR (cm-1 ): 3295, 3075, 2920, 2850, 1638, 1463; FAB-MS 
(m/z): M+ 324.5, Found 325.1. 
 
Synthesis of trans-N-(4-TEMPO-oxyundecanoyl)-N’-tetradecanoyl-1,2-cyclohexanediamine 
(TCD) 
 
  
 
 
1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC·HCl) (443 mg, 
2.31 mmol) and 4-dimethylaminopyridine (DMAP) (76 mg, 0.62 mmol) were added to the 
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CHCl3 (15 mL) solution of 1 (550 mg, 1.54 mmol) and 4 (500 mg, 1.54 mmol). The reaction 
mixture was stirred overnight, and the resulting precipitation was removed by filtration. The 
filtrate was concentrated under reduced pressure, and the crude product was purified by silica 
gel column chromatography with CHCl3/diethyl ether (4/1 in v/v) as an eluent to yield TCD 
(530 mg, 52%) as a pink solid. Tg 110 °C. 1H NMR (500 MHz, CDCl3 with 
pentafluorophenylhydrazine) δ = 5.98 (s, 2H, -NHCO-), 3.65 (br, 2H,  cHx-1,2), 3.55 (m, 1H, 
TEMPO-4), 3.41 (t, J = 6.6 Hz, 2H, -CH2O-), 2.11 (m, 4H, -COCH2-), 1.91-2.00 (m, 4H, 
TEMPO-3,5), 1.73 (br, 2H, -CH2CH2O-), 1.55 (m, 8H, cHx-3,4,5,6), 1.1-1.4 (m, 48H), 0.88 (t, 
J = 7.2 Hz, 3H, -CH3); IR (cm-1 ): 3285, 3079, 2922, 2852, 1637, 1547, 1468, 1103; FAB-MS 
(m/z): (M+H+) 664.1. Found 664.8; Anal. Calcd for C40H76N3O4: C 72.5, H 11.5, N 6.3. 
Found: C 72.4, H 11.3, N 6.3. 
 
Synthesis of (1R, 2R)-N-(4-TEMPO-oxyundecanoyl)-N’-tetradecanoyl-1,2-cyclohexane- 
diamine (R-TCD) and (1S, 2S)-N-(4-TEMPO-oxyundecanoyl)-N’-tetradecanoyl-1,2- 
cyclohexanediamine (S-TCD) 
 
   
 
R- and S-TCD were synthesized by the same method for the racemic-TCD, starting 
from (1R, 2R)- and (1S, 2S)-trans-1,2-cyclohexanediamine. The optical activity of starting 
materials was maintained to the compounds, which was confirmed by CD spectra 
measurement (Figure 2.2.3). 
 
R-TCD: Tg 160 °C. 1H NMR (500 MHz, CDCl3 with pentafluorophenylhydrazine) δ 
= 5.92 (s, 2H, -NHCO-), 3.64 (br, 2H,  cHx-1,2), 3.56 (m, 1H, TEMPO-4), 3.40 (t, J = 6.6 
Hz, 2H, -CH2O-), 2.10 (m, 4H, -COCH2-), 1.95-2.02 (m, 4H, TEMPO-3,5), 1.73 (br, 2H, 
-CH2CH2O-), 1.56 (m, 8H, cHx-3,4,5,6), 1.1-1.4 (m, 48H), 0.87 (t, J = 7.2 Hz, 3H, -CH3); IR 
(cm-1 ): 3283, 3081, 2923, 2852, 1636, 1545, 1468, 1102; FAB-MS (m/z): (M+H+) 664.1. 
Found 664.6; Anal. Calcd for C40H76N3O4: C 72.5, H 11.5, N 6.3. Found: C 72.7, H 11.0, N 
6.2. 
S-TCD: Tg 160 °C. 1H NMR (500 MHz, CDCl3 with pentafluorophenylhydrazine) δ 
= 5.93 (s, 2H, -NHCO-), 3.65 (br, 2H,  cHx-1,2), 3.57 (m, 1H, TEMPO-4), 3.41 (t, J = 6.6 
NH2
NH2
NH2
NH2
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NH
NH
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Hz, 2H, -CH2O-), 2.10 (m, 4H, -COCH2-), 1.95-2.03 (m, 4H, TEMPO-3,5), 1.74 (br, 2H, 
-CH2CH2O-), 1.56 (m, 8H, cHx-3,4,5,6), 1.1-1.4 (m, 48H), 0.88 (t, J = 7.2 Hz, 3H, -CH3); IR 
(cm-1 ): 3285, 3081, 2924, 2852, 1636, 1546, 1467, 1102; FAB-MS (m/z): (M+H+) 664.1. 
Found 664.5; Anal. Calcd for C40H76N3O4: C 72.5, H 11.5, N 6.3. Found: C 73.1, H 11.8, N 
6.2. 
 
Preparation of supramolecular gels. Supramolecular gels with organic solvents 
(organogels) were prepared as follows: 10 – 20 mM TCD was dissolved completely in hot 
organic solvents. The clear solution was cooled to room temperature to form gel states.  
 
Sandwich cell fabrication. Two grassy carbon electrodes were bonded using bynel (15, 50, 
and 100 m) as a separator. The sandwiched cells were sintered to hot AN solution of 20 mM 
R-TCD with 0.5 M tetrabutylammonium perchlorate (TBAP). The AN solution was 
penetrated into the sandwiched cell under reduced pressure, and then the solution was cooled 
to room temperature to form gel state. The sandwiched cells with AN gel was used to 
electrochemical measurements. 
 
Figure 2.5.1 Fabrication and detail of the sandwich cell. 
 
Electrochemical measurements. The electrochemical measurements of organogels were 
performed with 0.5 M tetrabutylammonium perchlorate (TBAP) in acetonitrile (AN) as the 
electrolyte. A potentiostat system (BAS Inc. ALS760E) was used for the cyclic voltammetry, 
chronopotentiometry and chronoamperometry. A platinum disk and coiled platinum wire were 
used as the working and counter electrode, respectively, and the working potential was 
measured vs. Ag/AgCl reference electrode. 
 
Measurements. 1H and 13C NMR spectra were recorded on a JEOL ECX-500 spectrometer 
with chemical shifts downfield from tetramethylsilane as the internal standard. An AN gel was 
prepared using 10 mM TCD. The gel was immersed in water to replace solvent from AN to 
water. Water in the gel was removed by freeze-drying under reduced pressure and the 
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resulting xerogel was used to SEM observation. A supramolecular network of the xerogel was 
observed by scanning electron microscopy (SEM) (HITACHI High-Tech S-3000N). Mass 
spectra were obtained using a JMS-GCMATE II or Bruker Daltonics Autoflex. Elemental 
analyses were performed using a Perkin-Elmer PE-2400 II and a Metrohm 645 
multi-DOSIMAT. Two parallel analyses were performed for each sample. Electron spin 
resonance (ESR) spectra of compounds were taken using a JEOL JES-TE200 ESR 
spectrometer with a 100 kHz field modulation. The radical concentration was estimated on the 
basis of the assumption of being paramagnetic at room temperature by integration of the ESR 
signal standardized with that of TEMPO solution. Infrared measurement was operated with a 
JASCO FT/IR-6100 spectrometer. The IR spectra of solid samples were obtained by a KBr 
method, and the spectra of sol and gel state of TCD were obtained using MagCELL (JASCO 
Engineering Co., Ltd.) with CaF windows. CD spectra were measured with a JASCO 
JW-2400. Melting points (Tg) of compounds and melting and gelation points of the 
supramolecular gels were recorded using different scanning calorimetry (Seiko Instruments 
Inc.) with alpha-alumina as a reference at the scan rate = 10 K/min. 
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3.1 Introduction 
 
 Ionic liquids (ILs), which are molten salts at room temperature, have attracted great 
attention owing to their non-flammability, non-volatility, chemical and thermal stability, 
electrochemical robustness, high ionic conductivity, and tunable chemical property by 
changing the chemical structures and combination of cations and anions.1-4 Owing to their 
inherent ion conductivity, the ILs have been widely used for various practical applications to 
electrochemical devices such as solar cells,5 fuel cells,6 capacitors,7 and lithium batteries.8 
The ILs are composed of organic cations and organic anions which are sometimes bulky 
structures, and the resulting salt becomes asymmetric structure differently from inorganic salts 
(Figure 3.1.1). This asymmetric structure and charge delocalization in cations and anions 
provides the low melting point salts. The ILs are usually used as an electro-active materials, 
however, they have been also used as a solvent, catalyst and dispersant in organic synthesis. 
 
 
Figure 3.1.1 Typical examples of cations and anions as components of ionic liquids. 
   
 In the organic synthesis, the ILs are used as template to fabricate ordered inorganic 
nanostructure like a small TiO2 nanocrystals and a microporous silica with lamellar order by 
nanocasting.9-10 To use 1-alkyl-3-methylimidazolium ionic liquids as a template of fabricating 
super-microporous silica, the resulting silica walls are arranged parallel to each other and 
display high ordered structure in diameter. The structure of silica walls are tuned by using 
different alkyl chain ILs which could be prepared easily by simple synthesis. It is convenient, 
cost effective, and high energy efficient method to fabricate ordered structures compared with 
other method represented by thermal treatment. These nano-ordered inorganic materials are 
applied to practical use such as solar cells, fuel cells, and gas separations due to their high 
active surface area and high electrical performances. The ILs are also used as a dispersant to 
obtain stable and dispersed graphene sheet and carbon nanofiber due to their solubility and 
introduction of a surface charge.11 The ionic liquids-modified carbons show high dispersity in 
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various solution by prohibition of the carbon aggregation. This modification method is 
applied to organic polymers to fabricate phase-separated block copolymers.12 A radical 
polymer with styrene, and an imidazolium salt unit shows different hydrophilic/hydrophobic 
property which give the phase separation structure. 
 For the application to electrochemical devices, the ionic liquids are utilized as an 
electrolyte to improve safety of a lithium ion battery. The LIB have become the most major 
energy device in all over the world, however, the safety problem still remains and it is 
significant to solve this problem. In common, electrolytes of LIB are composed of organic 
carbonate solvents, such as ethylene carbonate and diethyl carbonate, and lithium salt. LIB 
fabricated with these organic electrolyte solution exhibit high energy output due to their ionic 
conductivity, however, the leakage and high flammability of the organic solvents cause 
serious accident like explosion of electrochemical device. Polymer electrolytes have been 
studied as safe electrolyte in LIB.13-16 Solid-state polymer electrolyte battery is more tolerant 
to mechanical impacts compared with the battery with liquid electrolyte, and flameproof 
property is often given to the polymer electrolytes. The most conventional polymer electrolyte 
is a PEO-based solid-state electrolyte.17 The PEO-based polymer electrolytes have advantages 
of low cost fabrication, high stability, and safety, however, the polymer electrolytes show high 
ion conductivity only high temperature over 70 °C, which is difficult for practical use in the 
battery. Ionic liquids have attracted much attention as an alternative to the liquid and polymer 
electrolyte in LIB due to high ionic conductivities of ILs at room temperature within a range 
of 0.1 – 18 mS/cm.18-20 LIB is composed of Li oxide such as LiCoO2 as a cathode active 
material so that the Li cation is necessary to operate electrochemical reaction on the electrode. 
Therefore, the ILs are mixed with Li electrolyte as a solvent and transporter of Li cation, thus, 
the electrolytes are completely composed of ions with no organic solvents.21 Supramolecular 
gelators have been reported to solidify the ionic liquids without decrease of ionic conductivity, 
and utilized as high ionic conductive solid electrolyte in safe and long lifetime LIB.22 The 
supramolecular gels containing ionic liquids have possible application to stable and high 
performance electroactive material such as a charge-transporting soft materials. 
 In this chapter, the TCD described in chapter 2 formed charge-transporting 
supramolecular gels with ionic liquids as a solvent and electrolyte. ILs played double roles of 
solvent and electrolyte to improve the stability of supramolecular gels. These non-volatile 
electrolytes provided long-term stability and high thermal stability to the supramolecular gels 
in addition to charge-transporting capability. The thermal and electrochemical properties of IL 
gels were revealed to apply electrochemical devices, or organic rechargeable batteries, as a 
new environmental friendly charge-transporting and -storable material owing to their stable 
and high charge-transporting capability. 
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3.2 Formation of ionic liquid gels and their thermal properties 
 
The imidazolium ILs have been widely studied as non-volatile and non-flammable 
electrolyte in electrochemical devices due to their high ion conductivity, stability, and various 
molecular structures. To apply ionic liquids as a solvent of supramolecular gel formed by 
TCD, physical and electrochemical properties of ILs with 1-ethyl-3-methylimidazolium 
(EMIm) and 1-butyl-3-methylimidazolium (BMIm) cations were investigated refer to 
literatures and listed in Table 3.2.1. 
 
 
 Various imidazolium ILs were solidified by the TEMPO-substituted supramolecular 
gelator (TCD, shown in chapter 2) without any organic solvent (Figure 3.2.1). IL gels were 
prepared by different method from organogels because it was difficult for TCD to dissolve in 
ILs. To solidify the ILs, TCD and ILs were dissolved in CHCl3 and then the organic solvent 
was removed by heating. The remaining solution turned to gel state by cooling to room 
temperature to obtain IL gels. The TCD gelator showed high gelation ability against the 
imidazolium ionic liquids such as EMIm and BMIm ionic liquids and gave clear gels with 
various color (Figure 3.2.2), however, TCD gave partial gel state with EMImBF4 because this 
IL made separation layer with CHCl3. 
 
   
Figure 3.2.1 Schematic image of ILs gelation pocess. 
Table 3.2.1 Properties of imidazolium ionic liquids as electrolytes.
23-25
Mw Mw d s h
g/mol g/mol g/cm
3 mS/cm 0.1 Pa・s
EMIm 111.16 BF4 86.8 1.25 14 25.7, 32, 37, 43
EMIm 111.16 CH3CO2 59.04 2.8 162
EMIm 111.16 CF3CO2 113.02 1.39 9.6 35
EMIm 111.16 CF3SO3 149.07 1.39, 1.285 9.6 35
EMIm 111.16 TFSI 280.15 1.52 8.8, 8.4 34, 28
BMIm 139.22 CH3CO2 59.04
BMIm 139.22 TFSI 280.15 1.43 3.9 52
Cation Anion
coolingheating
IL gel
CHCl3
Gelator / IL
CHCl3 sol IL sol
CHCl3
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Figure 3.2.2 Photo images of ionic liquid gels composed of imidazolium cations and various 
anions formed by TCD. 
 
Resulting IL gels showed long-term stability compared with AN gel due to their 
non-volatility. Thermal stabilities of the IL gels were estimated from sol-gel transition 
temperature measured by differential scanning calorimetry. The IL gels displayed higher 
thermal stability than that of organogels. It meant that the completely ionized liquid, the 
cations and anions, had no or lower effects than polar solvents to hydrogen-bonding of amide 
units in supramolecular polymers. The melting and gelation points were independent of kinds 
of cations and anions in ionic liquid, thus, the ILs could be chosen in the sight of their 
electrochemical properties. 
 
 
Figure 3.2.3 The differential scanning calorimetry thermograms of AN gels (left, same graph 
shown in chapter 2) and the EMImTFSI gel (right) formed by R-TCD at the concentration of 
20 mM. Heating rate = 10 K/min. 
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3.3 Electrochemical properties of ionic liquid gels 
 
ILs have high ion conductivity without organic solvents so that the IL gels were 
expected to display redox activity as non-volatile and long-term stable redox active gel. ILs 
doubled as a solution and supporting electrolyte under the electrochemical reaction so that the 
IL gels displayed reversible redox responses derived from the TEMPO moiety like the AN gel 
without organic solvents. We found IL gels composed of 1-ethyl-3-methylimidazolium 
bis(trifluoromethanesulfonyl)imide (EMImTFSI) displayed large redox current compared 
with other ILs such as BMImTFSI as shown in Figure 3.3.1. In the same concentration of 
supramolecular gelator, both of EMImTFSI and BMImTFSI displayed reversible redox 
responses at E1/2 = 0.72 V (vs. Ag/AgCl) derived from TEMPO moiety. The EMImTFSI gel 
provided larger current density obtained by CV than that of BMImTFSI gel in the same 
concentration of the gelator. Cottrell plots obtained from CA measurement supported the high 
charge-transporting capability of EMImTFSI shown as diffusion coefficient D: 2.8 × 10-7 
cm2/s in EMImTFSI gel and 1.5 × 10-7 cm2/s in BMImTFSI. 
 
Figure 3.3.1 Cyclic voltammograms (left) and chronoamperograms (right) of 10 mM S-TCD 
BMImTFSI (black) and EMImTFSI (red) gels. Inset: Cottrell plots.  
Melting point Gelation point
(°C) (°C)
EMImTFSI 87 74
BMImTFSI 88 76
EMImCH3CO2 86 75
BMImCH3CO2 87 75
EMImCF3CO2 86 75
Table 3.2.2 DSC measurements of IL gels.
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The EMImTFSI gel with 10 mM TEMPO-gelator displayed maximum redox current 
(Figure 3.3.2). The charge-transporting capability of IL gels estimated from the diffusion 
coefficient (D) calculated by the Cottrell equation similar to the AN gel. The D values of 
EMImTFSI gels with 10 mM and 20 mM TEMPO-gelator were 2.18 and 0.13 × 10-7 cm2/s, 
respectively, which were considered that the D decreased severely with the increasing 
concentration of TEMPO-gelator because of the high viscosity (Fig. 10). On the other hand, 
the EMImTFSI gel exhibited as a high D value as that of AN gel in low concentration (> 10 
mM), the gel was expected to apply energy devices such as a charge storage device as a 
non-volatile, non-flammable, long-term stability, and high charge-transporting soft material. 
 
 
Figure 3.3.2 Cyclic voltammograms (left) and chronoamperograms (right) of 5 mM (black), 
10 mM (red), and 20 mM (blue) S-TCD in EMImTFSI gel. Inset: Cottrell plots. 
 
 
3.4 Experimental section 
 
Materials. All ionic liquids were purchased from Tokyo Chemical Industry Co., Kanto 
Chemical Co., and Sigma-Aldrich Japan and were used without further purification. Synthesis 
and identification of the charge-transporting supramolecular gelator, TCD, was described in 
chapter 2. 
 
Preparation of IL gels. Supramolecular gels with ionic liquids (IL gels) were prepared as 
follows: 5 – 20 mM TCD (vs. ionic liquids) and an ionic liquid were dissolved in CHCl3. The 
CHCl3 was removed under reduce pressure and then IL gels were obtained. 
 
Electrochemical measurements. The electrochemical measurements of IL gels were 
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performed by a potentiostat system (BAS Inc. ALS760E) for the cyclic voltammetry and 
chronopotentiometry. A platinum disk and coiled platinum wire were used as the working and 
counter electrode, respectively, and the working potential was measured vs. Ag/AgCl 
reference electrode. 
 
Measurements. 1H and 13C NMR spectra were recorded on a JEOL ECX-500 spectrometer 
with chemical shifts downfield from tetramethylsilane as the internal standard. Mass spectra 
were obtained using a JMS-GCMATE II or Bruker Daltonics Autoflex. Elemental analyses 
were performed using a Perkin-Elmer PE-2400 II and a Metrohm 645 multi-DOSIMAT. Two 
parallel analyses were performed for each sample. Electron spin resonance (ESR) spectra of 
compounds were taken using a JEOL JES-TE200 ESR spectrometer with a 100 kHz field 
modulation. The radical concentration was estimated on the basis of the assumption of being 
paramagnetic at room temperature by integration of the ESR signal standardized with that of 
TEMPO solution. Optical rotations were measured with a JASCO JW-2400. Melting and 
gelation points of the supramolecular gels were recorded using different scanning calorimetry 
(Seiko Instruments Inc.) with alpha-alumina as a reference at the scan rate = 10 K/min. 
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4.1 Introduction 
 
 Naphthalene diimides (NDIs) have been widely investigated as air-stable n-type 
organic semiconductors with high electron-transporting capability based on their 
electron-accepting -conjugated structure and high stacking propensity.1,2 There have been 
many reports on their potential applications in electronic and photo-electronic devices,3,4 such 
as organic light-emitting diodes,5 organic field effect transistors,6 and photovoltaic cells.7 For 
example, the NDI moiety works as an electron or a charge accepting unit leading to efficient 
charge separation capability in porphyrin-NDI dyads.8 In addition to studies of NDIs in a solid 
or solvent-free state, NDIs perform electron-accepting or electrochemical redox functionality 
in the presence of electrolytes or in wet devices as typically applied to sensors.9  
We have previously reported that the electron deficient aromatic ring of NDI plays 
the role of an acceptor in photo-induced electron transfer and receptor of anions accompanied 
with fluorescence, absorption and intensity change in the detection of protons10 and fluoride 
ions.11 NDIs display reversible negative potential responses in electrolytes at comparable 
potentials to those of quinone and viologen derivatives.12 The latter has been well studied as 
an organic-based functional electrode to the application of redox catalysts and sensors.13 We 
have extensively studied the organic redox polymer-based rechargeable devices14 and recently 
reported that phthalimide and pyromellitic polyimides formed on carbon nanofibers work as 
an electrode-active material.15 The polyimides studied exhibited redox capacities around 100 
mAh/g and showed good cycle stability; however, the practical charge capacity was not high 
because the amount of additive carbon as a current collector in the nanocomposites was large. 
Li-ion battery technology is currently based on a mechanism where Li cations are intercalated 
into an anode and a cathode-active material during charging and discharging, respectively, 
with the Li cations shuttled between the cathode and the anode.16 Quinone derivatives such as 
anthraquinone have been examined as an organic cathode-active material in rechargeable Li 
batteries.17 However, their redox potentials are located at large negative potentials (2.2 V vs 
Li/Li+ for anthraquinone), and the output voltage of the examined batteries is relatively low 
(i.e. < 2.2 V). We anticipated that the application of NDI derivatives with a large positive 
redox potential (2.5 V vs. Li/Li+)18 and large charge capacity (e.g. 
1,4,5,8-naphthalenetetracarboxdiimide: 201 mAh/g) will display high output voltage and 
relatively high capacity as the cathode-active material of Li-ion batteries. In related research, 
Zhan et al. recently reported that a polyimide composed of repeating NDI moieties in the 
backbone worked as a cathode active material with a voltage of 2.47 V and a capacity of 202 
mAh/g in the rechargeable Li batteries.19 However, the reported NDI backbone polymer 
lacked affinity with common electrolytes due to the planar backbone structure of the NDI 
polymer. This limited comparison of the above data as the unusual, highly volatile and 
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flammable mixture of 1,3-dioxolane and dimethoxyethane solvent was required to undertake 
measurement. Recently monomeric NDI derivatives core-substituted with cyano, fluoro, and 
dimethylamine groups were tested as a cathode active material in Li-ion batteries in which the 
relationship of their redox potentials with the substituents on the naphthalene core were 
described. Unfortunately, the monomeric NDIs eluted out into the electrolyte and as a result 
the battery performance lacked durability.18 
Immobilization of the redox active sites in the electrode, or on a current collector, is a 
crucial issue for the charge-storable electrode-active material. Ideally, the redox-active 
components are not to be eluted into the electrolyte as this causes self-discharge, but are 
instead to be swollen or solvated with electrolyte solutions for interpenetration of the counter 
ions in the electrode. A pendant-type introduction of redox-active groups within the polymers 
have been proved by us to provide redox active electrodes both with a high concentration of 
the redox sites, or a high capacity and a high-rate charging property using polymers bearing 
TEMPO (2,2,6,6-teramethylpiperidine 1-oxyl)20 and anthraquinone groups.21 Extending the 
redox molecules to NDIs, to form pendant-type polymeric analogues could also be an 
effective way to achieve swollen NDI polymers in spite of their typical planar and easily 
stacking properties. Technically, the choice of polymer then becomes important. Norbornene 
derivatives are known to polymerise via ROMP (ring-opening metathesis polymerization) in 
the presence of Grubbs catalyst, which is tolerant for broad functional groups. The bulky 
norbornene structure could be expected to improve the solubility of NDI for processing, by 
inhibiting molecular stacking. Furthermore, the polynorbornene backbone formed by ROMP 
contains a double bond, which could be crosslinked, if necessary, by UV irradiation with a 
photo-crosslinking reagent to form insoluble polymer layer.22 
In this chapter, we report the synthesis and properties of pendant-type NDI polymers, 
bearing a polynorbornene backbone. As the theoretical capacity of the repeating unit (139 
mAh/g) is relatively high in comparison with those of conventional cathode active materials, 
we anticipated that the norbornene-NDI polymers efficiently work as cathode active materials 
to possibly perform high-rate charging/discharging capability, relatively high output voltage 
and charge capacity, and high charging/discharging cyclability in charge storage devices 
including Li-ion batteries.  
 
Figure 4.1.1 Schematic image of NDI 
charging-discharging reaction and flow 
of current and electron. 
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4.2 Synthesis and characterization of NDI polymers 
 
 
Scheme 4.2.1 Synthesis rout of NDI polymers. 
 
Pendant-type NDI polymers were designed and synthesized as a new electrode active 
material in rechargeable devices (shown in Scheme 4.2.1). The polymer precursors were 
composed of three functional units: norbornene, NDI, and alkyl chain unit. 
First, a norbornene unit worked as a polymerizable group by ring-opening metathesis 
polymerization via Grubbs secondary catalyst. The norbornene unit also worked as a bulky 
substituent which improved the monomers solubility. Due to the norbornene unit, the NDI 
monomers were polymerized easily in CHCl3. Second, the NDI unit, main unit of the 
polymers, worked as an electroactive group which provided electron-transporting and -storage 
capability to the polymers. The strong - stacking of NDI moieties was important driving 
force to form polymer structure. Finally, alkyl units shown as R in the scheme allowed us to 
control strength of the molecular interaction between NDI moieties. Small alkyl chain such as 
methyl group and straight alkyl chains proceeded to the molecular stacking, however, bulky 
alkyl chains such as 2-ethylhexyl were known to prevent the stacking. To use different size 
alkyl chains, we could design the polymer structure by controlling the molecular interaction. 
Ring-opening metathesis polymerization of the NDI-norbornene by Grubbs 
secondary catalyst gave the corresponding NDI polymers with high molecular weight, and the 
NDI groups in monomers were tolerant for the Grubbs catalyst. 
 
4.3 Effect of intramolecular interaction in the NDI polymers on their 
nanostructure 
 
 The methyl-substituted NDI polymer 1 was found to be sparingly soluble in most 
common solvents so measurements were performed in HFIP. Polymer 2 bearing the large 
2-ethylhexyl side chains was very soluble in CHCl3 and common solvents. The solutions 
yielded homogeneous and tough polymer layers on every substrate tested by a drop-casting or 
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a spin-coating (i.e. glass, ITO, glassy carbon). A different aggregation property between 1 and 
2 was observed by SEM (Figure 4.3.1). Polymer chains were aggregated to form particle 
structure in polymer 1, however, this aggregation behavior could not observed in polymer 2 
which provided flat polymer film. The polymer solutions showed two absorption peaks 
around 380 and 360 nm to be ascribed to the NDI moieties. On the other hand in the solid 
layers, red shift of the peaks was observed for 1 but not for 2 (Figure 4.3.2), probably because 
the bulky alkyl chains prevent aggregation of the NDIs. These results suggested that  
 
 
  
 
Figure 4.3.1 SEM images of the drop-cast 1 (a) and 2 (b) layers on glass substrates. Inset: 
cross-section SEM image of 2. 
 
 
 
Figure 4.3.2 UV-vis spectra of Me-substituted (left) and 2-ethylhexyl-substituted (right) 
monomer (black) and polymer film (red). 
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4.4 Electrochemical properties of the NDI monomers and polymers 
 
 Before fabricating Li-ion batteries, electrochemical properties of monomer 
derivatives were measured by cyclicvoltammetry to estimate effects of alkyl groups and 
norbornene unit. Both of 3 and 4 displayed two reversible redox responses. The redox 
potentials of 4 were observed at E1/2 = -0.52 V and -0.96 V vs. Ag/AgCl which were more 
negative than those of 3 (E1/2 = -0.49 V and -0.91 V) because ethylhexyl group has stronger 
electron donation capability than methyl group. However, an effect of these alkyl groups to 
their redox potential was too smaller compared with core-substitution.  
 
Figure 4.4.1 Cyclic voltammograms of 1 mM monomer 3 (black) and 4 (red) in DCM with 
0.1 M TBAPF6 as an electrolyte. Scan rate = 100 mV/s. 
 
 
The fact that the polynorbornene backbone has a double bond between the 
cyclopentane residues, allows reaction with a photo-crosslinker by UV irradiation to form 
new substrate bound polymers in the reduced state. The polymer layers were obtained by 
drop-casting of a HFIP solution of 1, or a CHCl3 solution of 2, with 1 wt% photo-crosslinker 
on a glassy carbon substrate (active surface area = 2.5 cm2), which was then dried under 
ambient condition, and photo-crosslinked by UV irradiation. As expected, the crosslinked 
polymers were swollen with, but insoluble in GBL, one of the most common electrolytes in 
Li-ion batteries, during the redox process (Scheme 4.4.1). 
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Scheme 4.4.1 Electrochemical redox reaction of NDI polymers. 
 
 
 
Figure 4.4.2 Cyclic voltammograms of 1 (black) and 2 (red) layers in 1 M LiClO4 using GBL 
electrolyte at a scan rate of 25 mV/s. 
 
The previous papers18,19 suggested that an enolate structure was formed on the 
reduced state of NDI polymers. Li cations could associate with the enolate anion for charge 
compensation. Charges propagated throughout the polymers occur by a self-electron exchange 
reaction accompanied by the diffusion of Li cations. Both of the polymer layers were ca. 100 
nm thick and displayed reversible redox responses without current decrease during the 
repeating scans (Figure 4.4.2). Cross-linked polymer 1 displayed two oxidation peaks at E1/2 
= -0.45 and -0.27 V, and one broad reduction wave at -0.45 V; on the other hand, crosslinked 
polymer 2 presented two oxidation and reduction waves. This is consistent with the findings 
of the UV study and could be explained by the interactions or stacking of the NDI moieties in 
polymer 1. 
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Diffusion coefficients D in 1 and 2 were estimated from chronoamperograms of the 
polymer layers using the Cottrell equation descried bellow in the potential range of 0 to -1.2 V 
vs. Ag/AgCl (Figure 4.4.3). The D values of the NDI polymers were on the order of 10-10 
cm2/s, almost comparable with those of our previously reported radical polymers, 1.2 × 10-10 
cm2/s for poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl acrylamide) (PTAm) in the aqueous 
electrolyte23 and 5.3 × 10-10 cm2/s for poly[2,3- bis(2’,2’,6’,6’-tetramethylpiperidinyl-N-oxyl- 
4’-oxycarbonyl)-5-norbornene] (PTNB) in the acetonitrile electrolyte which are used as an 
electrode-active material in rechargeable charge storage devices.24 The larger De of 1 
compared with 2 could be considered that the methyl group substituted NDI moiety in 1 was 
partially stacked to cause a more efficient self-electron exchange and charge-transport 
process. 
 
 
Figure 4.4.3 Chlonoamperograms of the 1 (black) and 2 (red) layers in 1 M LiClO4 GBL 
electrolyte. Inset: Cottrell plots 
 
 
4.5 Fabrication and performance of the lithium battery 
with the poly(norbornyl-NDI) as a cathode-active material 
 
The rechargeable/charge storage performance was tested using the coin-cell 
fabricated with the NDI polymers as the cathode, lithium foil as the anode, with a 
microporous membrane as a separator, and 1 M LiClO4 GBL electrolyte. Cyclic 
voltammograms of the two coin-cells displayed reversible redox responses around E1/2 = 2.5 
V vs. Li/Li+ (Figure 4.5.1), which coincided with the potentials of 1 and 2 vs. Li/Li+. 
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Figure 4.5.1 Cyclic voltammograms of crosslinked 1 (black) and 2 (red) carbon composite 
cathodes in the lithium coin-cells. 
 
  
Figure 4.5.2 Charging and discharging curves of the coin-cells fabricated with crosslinked 1 
(top) and 2 (bottom) as a cathode. 
 
Charging-discharging curves of the cells exhibited a plateau voltage at the E1/2 and 
their coulombic efficiencies (the ratio of discharging vs. charging capacity) were >99% 
(Figure 4.5.2). This well-matched charging-discharging voltage with E1/2 and high coulombic 
efficiencies meant that the electrochemical reaction occurred on only NDI polymers without 
side reaction such as electrolyte broken, and low energy loss occurred until the 
charging-discharging cycle. Also, this result suggested that the input and output voltage of the 
batteries could be controlled by the redox potential of electrode-active materials. 
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Their power performance was examined by measuring the discharging curves with 
various current densities or C rates (1 C rate is defined as the charge-discharge current which 
takes 1 h to charge and discharge the entire theoretical capacity). The discharging capacity for 
the cell containing crosslinked 1 was 138 mAh g-1 at 5 C (the rate to fully charge within 12 
min), suggesting that almost all of the NDI moiety contributed to charge storage. The 
discharging capacity maintained at 70% at 20 C (the charging for 3 min). This high-rate 
charging capability could be ascribed to its high diffusion coefficient, D. The cells also 
exhibited excellent cyclability (Figure 4.5.3). The initial capacity was maintained over 90% 
even after 1,000 charging-discharging cycles at 10 C (Figure 4.5.4). 
 
Figure 4.5.3 Cycle performance of the coin-cells fabricated with 1 (black) and 2 (red) 
cathodes. Dashed lines show theoretical capacities. 
  
Figure 4.5.4 Cycle performance of the Li coin-cell fabricated with 1 cathode at 10 C (●: 
charging, ○: discharging, □: coulombic efficiency). 
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4.6 Synthesis and electrochemical properties of bis-NDI polymers 
 
 Norbornene derivatives could be substituted with two functional molecules on one 
norbornene unit. For example, bis-TEMPO substituted norbornene polymer (PTNB) showed 
high charge-capacity and charge-transporting capability due to its higher concentration of 
TEMPO moieties in polymer chain. Bis-NDI substituted polynorbornene was expected to 
display high concentration of NDI moieties which led rapid self-electron exchange reaction 
caused by strong NDI-NDI intermolecular interactions in addition to high charge capacity. 
 
 
 
Scheme 4.6.1 Synthesis of bis-NDI polymer 
 
 Bis-NDI-substituted polynorbornene 11 was synthesized as shown in Scheme 4.6.1. 
The theoretical charge capacity was improved from 138 mAh/g of mono-substituted polymer 
to 165 mAh/g. The direct bonding with NDI and norbornene promised high stability and 
robustness during electrochemical reaction. For example, polynorbornene with two NDI 
moieties connected by ester-bonding deteriorated during sweeping voltage and a purple eluent 
was observed in electrolyte solution. On the other hand, the carbon composite of 11 
cross-linked by UV irradiation displayed reversible redox responses at E1/2 = -0.41 and -0.62 
V (vs. Ag/AgCl) in half-cell measurement (Figure 4.6.1). Charging/discharging curves of the 
half-cell measured by CP displayed the charge capacity of 165 mAh/g which was 
well-matched with theoretical capacity, however, only 72% was obtained at discharging step. 
The low coulombic efficiency was considered to be caused by oxygen in the half-cell. 
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Figure 4.6.1 Cyclic voltammogram and charging/discharging curves of 11/carbon composite 
electrode in GBL containing 1 M LiClO4. Scan rate = 1 mV/s and current density = 10 C rate. 
 
 The battery performance of Li coin-cell, fabricated with 11/carbon composite, Li foil, 
and GBL containing 1 M LiClO4, as a cathode, anode, and electrolyte, was tested in similar to 
mono-substituted NDI polymers. Charging-discharging curves of the cells exhibited a plateau 
voltage at the E1/2 obtained from CV measurement of the coin-cell (Figure 4.6.2). The 
experimental charge capacity was well-matched with theoretical and half-cell capacity (165 
mAh/g), and the coulombic efficiency improved to over 90% from half-cell. The Li coin-cell 
also exhibited good cyclability, that is, the initial capacity maintained over 80% even after 50 
charging-discharging cycles at 1 C. These result indicated the NDI polymer had room for 
improvement as a cathode-active material in Li battery. 
 
Figure 4.6.2 Cyclic voltammogram and charging/discharging curves of Li coin-cell. Cathode: 
11/carbon composite, anode: Li, electrolyte: GBL with 1 M LiClO4, scan rate = 1 mV/s, and 
current density = 1 C rate. 
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 In summary, the conformation of pendant-type NDI polymers were changed by the 
strength of - stacking between NDI moieties in the polymer using different size alkyl chain. 
The different conformation provided different electron-transporting capability in the polymer 
films. Me-substituted NDI polymer showed strong - stacking and close NDI-NDI distance, 
which promoted efficient self-electron exchange reaction. As the result, NDI polymer film 
with methyl exhibited high electron-transporting capability compared with the polymer film 
with ethyl-hexyl group. Finally, the Li test cell using Me-substituted NDI polymer as a 
cathode active material displayed high rate performance, cyclability, and charge capacity (138 
mAh/g). Polynorbornene with two NDI moieties which exhibited high charge capacity over 
160 mAh/g suggested that the performance of NDI polymers could be improved by designing 
molecular structure and possible application of the NDI polymer to rechargeable devices. 
 
4.7 Experimental section 
 
Materials. The photo-crosslinker, 2,6-bis(p-azidobenzal)-4-t-amylcyclohexanone, was 
obtained from Toyo Gosei Co. Vapor-grown carbon nanofibers (VGCF) and the binder, 
poly(vinylidene difluoride) (PVdF) resin (KF polymer), were purchased from Showa Denko 
Co. and Kureha Chemical Co., respectively. Glassy carbon electrode was purchased from 
BAS, which was cleaned by sonication treatment in 2-isopropanol. All starting materials, 
organic reagents, catalysts, electrolytes, and organic solvents were purchased from Tokyo 
Chemical Industry Co., Kanto Chemical Co., and Sigma-Aldrich Japan and were used without 
further purification. Compound 3 and 9 were synthesized according to literature procedures.25, 
26 Their spectroscopic characterization matched that of literature. 
 
Synthesis of monomer derivatives. 
Synthesis of N-Methylnaphthalene-1,4,5,8-tetracarboxylic monoanhydride monoimide (3). 
 
 
 
1,4,5,8-naphthalenetetracarboxylic dianhydride (NDA) (2 g, 7.46 mmol) was 
suspended in DMF (34 mL), and 2 M methylamine in THF (3.39 mL, 6.78 mmol) was added. 
The reaction mixture was sonicated and then heated to 80 °C stirred stirred overnight. The 
resulting mixture was added 1 M HCl and stirred for 5 min. The precipitate was filtered and 
the residue was washed with water and acetone, successively. The crude product was dried 
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overnight in vacuo to yield 3 (1.53 g, 79%) as yellowish solid. Product was carried on without 
further purification. 
 1H NMR (DMSO-d6, 500 MHz, ppm)  = 8.69 (m, 4H), 3.43 (s, 3H); 13C NMR 
(DMSO-d6, 500 MHz, ppm): δ = 162.3, 159.6, 131.7, 130.2, 127.1, 123.7, 27.0; Mass: m/z 
281.6 (calcd), 281.6 (found); Anal. Calcd for C15H7NO5: C, 64.1; H, 2.5; N, 5.0%. Found: C, 
63.8; H, 2.0; N, 5.0%. 
 
Synthesis of N-(2-ethylhexyl)naphthalene-1,4,5,8-tetracarboxylic monoanhydride monoimide 
(4). 
 
  
 
Compound 4 was synthesized by modifying a previous report.27 
1,4,5,8-Naphthalenetetracarboxylic dianhydride (2.00 g, 7.46 mmol) was suspended in DMF 
(34 mL), and 2-ethylhexylamine (1.11 mL, 6.78 mmol) was added. The reaction mixture was 
sonicated, then heated to 80 °C, and stirred overnight. To the resulting mixture was added 1 M 
HCl to pH 1 and stirred for 5 min, and then a large amount of water was added to precipitate 
the product.  The precipitate was filtered off and the residue was washed with methanol 
(until filtrate was colourless). The residue was then dissolved in CHCl3 and washed with brine. 
The organic layer was dried over Na2SO4 and evaporated to yield 4 (1.74 g. 68%) as a 
yellowish solid. Melting point 167 °C. 1H NMR (DMSO-d6, 500 MHz)  = 8.70 (ABq, J = 7.4 
Hz, 4H), 4.00 (m, 2H), 1.86 (m, 1H), 1.29 (m, 8H), 0.87 (m, 6H); 13C NMR (DMSO-d6, 500 
MHz): = 162.8, 159.7, 131.8, 130.5, 127.0, 126.2, 124.6, 123.8, 43.8, 37.2, 30.1, 28.1, 23.5, 
22.4, 13.5, 10.5; Mass Specrtum (-ive ESI): m/z 379.4 (M, calcd), 379.7 (found); Anal. Calcd 
for C22H21NO5: C, 69.6; H, 5.6; N, 3.7%. Found: C, 69.0; H, 5.2; N, 3.6%. 
 
Synthesis of N-methyl-N’-(5’-norbornene-2’-methyl) naphthalene-1,4,5,8-tetracarboxylic 
diimide (5). 
  
O N
O
O
O
O
O O
O
O
O
O
NH2
DMF
4
N N
O
O
O
O
CH3
O N
O
O
O
O
CH3
DMFNH2
TEA
3 5
Poly(Norbornyl-NDI) as a Cathode-Active Material 
in Rechargeable Charge Storage Devices 
 
79 
 
Compound 3 (1.00 g, 3.56 mmol) was suspended in DMF (18 mL), and 
5-norbornene-2-methylamine (548 L, 4.27 mmol; endo/exo = 80/20) and triethylamine (595 
L, 4.27 mmol) were added under a nitrogen atmosphere. The reaction mixture was heated to 
90 °C and stirred overnight. To the resulting solution was added water (20 mL) and the 
precipitate was filtered. The residue was dissolved in CHCl3 and washed with 1 M HCl, water, 
and brine, successively. The organic layer was dried over Na2SO4 and evaporated to dryness. 
The crude product was purified by silica gel column chromatography using a 
CHCl3/C2H5OAc (9/1 in v/v) eluent to yield 5 (803 mg, 58%) as a greenish solid 
(endo/exo = 80/20). Melting point 274 °C. 1H NMR (CDCl3, 500 MHz)  = 8.77 (ABq, 
J = 7.3 Hz, 4H, endo), 6.31 (dd, J = 5.9 Hz, 3.6 Hz, 0.8H, endo), 6.25 (dd, J = 5.9 Hz, 
3.6 Hz, 0.8H, endo), 6.06 (dd, J = 5.9 Hz, 3.6 Hz, 0.2H, exo), 6.00 (dd, J = 5.9 Hz, 3.6 
Hz, 0.2H, exo), 3.98 (m, 2H), 3.61 (s, 3H), 2.83 (s, 1H), 2.76 (s, 1H), 2.61 (m, 1H), 
1.94 (m, 1H), 1.43 (m, 1H), 1.21 (m, 1H), 0.81 (m, 1H); 13C NMR (CDCl3, 500 MHz): 
 = 163.1, 163.0, 137.7, 133.0, 131.0, 126.8, 126.6, 126.5, 49.6, 44.7, 44.6, 42.4, 38.0, 
37.7, 30.6, 27.4; Mass Spectrum (-ive ESI): m/z 386.4 (M, calcd), 387.1 (found); Anal. 
Calcd for C23H18N2O4: C, 71.5; H, 4.7; N, 7.3%. Found: C, 71.2; H, 4.2; N, 7.2%. 
 
Synthesis of N-(2-ethylhexyl)-N’-(5’-norbornene-2’-methyl) naphthalene-1,4,5,8-tetra- 
carboxylic diimide (6) 
 
 
 
Compound 6 was synthesized in a similar fashion to that of 5. The crude 
product was purified by silica gel column chromatography with a CHCl3 eluent to yield 
6 (685 mg, 54%) as a pink solid (endo/exo = 80/20). Melting Point 220 °C. 1H NMR 
(CDCl3, 500 MHz, ppm)  = 8.76 (m, 4H), 6.31 (dd, J = 5.9 Hz, 3.6 Hz, 0.8H, endo), 
6.25 (dd, J = 5.9 Hz, 3.6 Hz, 0.8H, endo), 6.06 (dd, J = 5.9 Hz, 3.6 Hz, 0.2H, exo), 
6.00 (dd, J = 5.9 Hz, 3.6 Hz, 0.2H, exo), 4.15 - 3.98 (m, 4H), 2.83 (s, 1H), 2.76 (s, 1H), 
2.61 (m, 1H), 1.94 (m, 2H), 1.47 - 1.30 (m, 10H), 1.23 (d, J = 8.6 Hz, 1H), 0.94 (t, J = 
7.5 Hz, 3H), 0.88 (t, J = 7.2 Hz, 3H), 0.80 (m, 1H); Mass Spectrum (-ive ESI): m/z 
484.6 (M, calcd), 484.8 (found); Anal. Calcd for C30H32N2O4: C, 74.4; H, 6.7; N, 5.8%. 
Found: C, 74.2; H, 6.8; N, 5.8%. 
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Synthesis of trans-5-norbornene-2,3-dicarbonyl azide (7). 
 
 
 
 trans-5-Norbornene-2,3-dicarbonyl chloride (1.5 mL, 10 mmol) was dissolved 
in THF (20 mL) under nitrogen atmosphere. The solution was cooled to -10 °C and 
saturated NaN3 (3.25 g, 50 mmol) aqueous solution was added to the reaction solution. 
The solution was stirred for 2 h at -10 °C. After the reaction, ethyl acetate and NaHCO3 
aq. was added to the solution to extract the organic layer. The organic layer was 
washed with brine and removed in reduced pressure to yield 7 as a yellow liquid. The 
compound was used in the next reaction without further purification. 1H NMR (500 
MHz, CDCl3)  = 6.21 (m, 2H, -CH=CH-), 3.41 (t, 1H, -CH-C=O), 3.28 (s, 1H, 
-CH-C=), 3.17 (s, 1H, -CH-C=), 2.69 (m, 1H, -CH-C=O), 1.59 (d, 1H, -CH2-) , 1.50 (d, 
1H, -CH2-). 
 
Synthesis of trans-5-Norbornene-2,3-diisocyanate (8) and trans-2,3-diamino-5- 
norbornene dihydrochloride (9) 
 
 
 
 Compound 7 (2.32 g, 10 mmol) was dissolved in toluene (20 mL) and the 
solution was stirred for 1 h at 90 °C. The reaction proceeding was confirmed by 
generation of N2. After the reaction, toluene was removed under reduced pressure to 
obtain 8 as a yellow liquid. 20 mL of 6 M HCl aqueous solution was added to the 
compound 8 and the resulting solution was stirred for 12 h at 80 °C. The solvent was 
removed under reduced pressure and remaining solid was re-dissolved in methanol. A 
precipitation generated by addition of acetone to the methanol solution was collected 
by filtration to yield 9 (1.06 g, 54% from trans-5-norbornene-2,3-dicarbonyl chloride) 
as a white solid. 1H NMR (500 MHz, CDCl3)  = 6.31 (dd, 2H, -CH=CH-), 3.68 (dd, 
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1H, -CH-N=), 3.26 (s, 1H, -CH-N=), 3.07 (br, 1H, -CH-C=), 2.93 (br, 1H, -CH-C=), 
1.79 (m, 2H, -CH2-). 
 
Synthesis of trans-5-norbornene-2,3-bis(methyl naphthalenediimide) (10) 
 
 
 
 Compound 9 (197 mg, 1 mmol) was dissolved in CHCl3/NaOH aqueous 
solution mixture and the organic layer was extracted and removed in reduced pressure 
to neutralize 9. The neutralized 9 and 3 (619 mg, 2.2 mmol) were suspended in DMF 
(5 mL) with triethylamine (56 L, 0.4 mmol) and the mixture was stirred for several 
days at 80 °C. The resulting solution was cooled to room temperature and water was 
added to precipitate the crude product. The precipitation was collected by filtration and 
re-dissolved in CHCl3 to wash with brine. The organic layer was dried over Na2SO4 
and removed under reduced pressure. The crude product was purified by silica gel 
column chromatography using a CHCl3/acetone (9/1 in v/v) eluent to yield 10 (514 mg, 
79%) as a yellowish solid. 1H NMR (500 MHz, CDCl3)  = 8.67 (m, 8H, Ph), 6.59 (m, 
1H, -HC=), 6.29 (m, 1H, -HC=), 6.20 (m, 1H, -CH-), 5.75 (m, 1H, -CH-), 3.64 (m, 1H, 
-CH-), 3.58 (m, 6H, -CH3), 3.26 (m, 1H, -CH-), 2.98 (m, 1H, -CH2-), 1.92 (m, 1H, 
-CH2-); Mass Spectrum (MALDI): m/z 650.6 (M, calcd), 649.4 (found). 
 
Ring-opening metathesis polymerisation. A solution of Grubbs second generation catalyst 
(2.83 mg, 3.33 mol) in CHCl3 (0.5 mL) was added to a solution of 5 (100 mg, 0.26 mmol) in 
CHCl3 (4.66 mL), and the mixture was stirred overnight at 60 °C under a nitrogen atmosphere. 
The resulting precipitate was filtered and washed with CHCl3 and hexane. The precipitated 
polymer powder was purified by re-precipitation from 1,1,1,3,3,3-hexafluoro-2-propanol 
(HFIP) into methanol to yield 1 (93 mg) as a pale powder. Mn = 7,200, Mw/Mn = 1.7; 
1H NMR 
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(HFIP-d2, 500 MHz)  = 8.69 (bm, 4H), 5.40 (bm, 2H), 3.59 (bm, 3H), 2.93 (bm, 4H), 1.74 
(bm, 1H), 1.33 (bm, 3H), 0.91 (bm, 1H). A solution of Grubbs second generation catalyst 
(2.83 mg, 3.33 mmol) in CHCl3 (0.5 mL) was added to a solution of 6 (100 mg, 0.21 mmol) 
in CHCl3 (3.62 mL), and the mixture was stirred overnight at 60 °C under a nitrogen 
atmosphere. The polymerization mixture was poured into hexane, and the precipitated 
polymer powder was purified by re-precipitation from chloroform into methanol to yield 2 
(61 mg) as a brownish powder. Mn = 51,000, Mw/Mn = 3.1; 
1H NMR (CDCl3, 500 MHz, ppm) 
 = 8.57 (bm, 4H), 5.35 (bm, 2H), 4.05 (bm, 4H), 2.52 (bm, 2H), 1.85 (bm, 1H), 1.52 (bm, 
2H), 1.29 (bm, 10H), 0.87 (bm, 7H). Polymer 11 (88 mg) was obtained in the same method 
with compound 1. Mn = 13,000, Mw/Mn = 1.7; 
 
Photo-crosslinking of the polymer films. To a solution of the NDI polymer (HFIP for 1 or 
CHCl3 for 2) were added a solution of the photo-crosslinker, and the mixed solutions were 
drop-cast on a glassy carbon substrate and polymerized by UV irradiation (Ushio Inc. 
USH-250D, 40 mJ/cm2). The layer thickness was estimated by using a contact stylus profiler 
(KLA Tencor P-15). Photo-crosslinked polymer/carbon composite electrodes were prepared as 
follows: a NDI polymer (10 mg) and a cross-linker (0.1 mg) were mixed with VGCF and a 
binder powder in the presence of NMP as a solvent. The resulting black clay was spread onto 
an aluminum sheet or a glassy carbon substrate and dried in vacuo. Photo-crosslinking was 
then carried out by UV irradiation (5 J/cm2) for 250 s (20 mW/cm2). 
 
Lithium coin-type cell fabrication. Coin type test cells were fabricated by sandwiching the 
electrolyte layer of 1 M LiClO4 in GBL with a lithium metal anode and the photo-crosslinked 
polymer cathode, using a separator film (Celgard #3501 from Hohsen Co.) in a glove box 
under a dry argon atmosphere. The cyclability performance of the fabricated cell was tested 
by repeated charge-discharge galvanostatic cycles. The cut-off potentials were 1.0 – 3.5 V vs. 
Li/Li+. 
 
Electrochemical measurements. The electrochemical measurements were performed 
under nitrogen and 0.1 M tetrabutylammonium hexafluorophosphate in CH2Cl2 as the 
electrolyte. A potentiostat system (BAS Inc. ALS760E) was used for the cyclic 
voltammetry, chronopotentiometry and chronoamperometry. A platinum disk and 
coiled platinum wire were used as the working and counter electrode, respectively, and 
the working potential was measured vs. a Ag/AgCl reference electrode. Cyclic 
voltammograms of the polymer electrodes were measured in -butyrolactone (GBL) 
solution in the presence of 1 M lithium perchlorate (LiClO4) as the supporting 
electrolyte. 
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Measurements. 1H and 13C NMR spectra were recorded on a JEOL ECX-500 spectrometer 
with chemical shifts downfield from tetramethylsilane as the internal standard. UV-vis spectra 
were measured by an UV-670 UV-Vis spectrophotometer. Surfaces and a cross section of the 
polymers were observed by scanning electron microscopy (SEM). Samples were scribed on 
the glass substrate side and split in liquid nitrogen to observe the cross-section SEM-images 
(HITACHI High-Tech S-3000N). Mass spectra were obtained using a JMS-GCMATE II or 
Bruker Daltonics Autoflex. Molecular weight measurements were calculated using gel 
permeation chromatography using a TOSOH HLC-8220 instrument with CHCl3 as the eluent. 
Calibration was achieved against polystyrene standards. 
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5.1 Introduction 
 
 Conducting polymers have been widely applied to organic devices such as sensors,1 
supercapacitors,2-3 solar cells,4-6 light-emitting devices,7-8 and so on, in terms of their lightness, 
flexibility, safety, large amount of source, and tunable electrochemical properties by designing 
molecular structures.9-10 Especially, poly-(3,4-ethylenedioxythiophene) (PEDOT), which is 
one of the most famous conducting polymers, have been extensively studied and applied to 
electric and photoelectric devices as a charge-transporting material.11-12 Conducting polymers 
are typical -conjugated polymers and charges in the conjugated polymers are transported by 
charge careers generated by p- of n-doping. The high career mobility gives higher 
charge-transporting capability compared with redox polymers. The high conductivities of 
conducting polymers promise good performances of the devices, however, low solubility or 
insolubility of conducting polymers derived from the wide -conjugated structure and the 
high particle size of the polymers are a serious problem in application of the polymers to 
organic devices. 
 For a dye-sensitized solar cell (DSSC) which is an organic solar cell known as a next 
generation solar cell because of its high conversion efficiency and low cost fabrication,13 a 
dye molecule working as a light-harvesting material is regenerated by hole-transporting 
mediator. The mediator is consisted of the acetonitrile solution with redox-active materials 
which is regenerated at the counter electrode, however, the solar cell has a problem that are 
the deterioration of cell performance and an environmental damage caused by the 
volatilization of the solution. Although conducting polymers have been previously used as the 
solid hole-transporting material in DSSCs in order to solidify the mediator solution for 
inhibition of the solution volatilization, it is difficult for the polymers to penetrate the porous 
TiO2 substrate due to its large particle size. 
In-situ polymerization is used to form functional polymers like conducting polymers 
on substrates directly.  Electrochemical polymerization is the most convenient in-situ 
polymerization to form conducting polymers because the polymerization gives high 
conductive polymers such as a poly-(3,4-ethylenedioxythiophene) (PEDOT) and 
poly-(3-hexylthiophene) (P3HT). In addition to the high conductivity, a polymer thickness 
could be controlled concisely by the amount of reaction charges. Electrochemical 
polymerization has many advantages to form conducting polymers, however, the 
polymerization could be applied only conducting substrates such as indium-tin oxide (ITO). 
Vapor-phase polymerization (VPP) is another in-situ polymerization providing conducting 
polymers with high conductivity.14 A VPP method is as follows: a t-BuOH solution of 
iron(III)-tosylate as the oxidizing agent is coated on substrates, and then the substrates is set 
in a vial with monomer derivatives such as pyrrole and EDOT. The vial is heated to volatile 
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the monomers and the vapor-phase monomers attack to the oxidant on the substrates. As a 
result, conducting polymers are formed onto the substrates. A high conductivity of the 
resulting PEDOT formed by VPP has been reported up to 1,000 S/cm.15 This in-situ 
polymerization is considered to be appropriate method to form high conductive polymers on 
devices such as solar cells, however, it is difficult to from polymers in porous substrate 
because the polymerization starts on the surface of substrate. Also, the residual iron derived 
from the oxidant often affects the conductivity or hole-transporting performance of the 
resulting polymers, and the applicable monomers were limited to high-volatile monomers. For 
application of VPP to fabricate DSSC, there is a serious problem that dye molecules on 
porous TiO2 are oxidized by a pre-coated iron(III)-tosylate. 
In this chapter, the authors polymerized the thiophene derivatives using gas-phase 
oxidants such as iodine to solve problems described above. Monomer derivatives penetrated 
into porous substrate, and then the monomers were polymerized by vapor-phase oxidant so 
that resulting polymers filled up the porous. The new in-situ polymerization method allowed 
to apply non-volatile monomers and the oxidant residue was easily removed by heating and 
rinsing. We described the new in-situ polymerization method, proof of proceeding 
polymerization in porous substrate, and the hole-transporting capability of the resulting 
PEDOT on the porous TiO2 substrate. We also fabricated a solid-state DSSC with the PEDOT 
formed by the new in-situ polymerization, and described photoelectric conversion efficiency 
of the cells. 
 
5.2 In-situ polymerization of thiophene derivatives and conductivities of 
the polymers 
 
Iodine and nitrosyl tetrafluoroborate (NOBF4) were used as a vapor-phase oxidant 
because these are sublimation oxidant around room temperature. First, the in-situ 
polymerization using gas-phase oxidant was tested on a flat glass substrate. 0.5 M EDOT or 
0.1 M terthiophene acetonitrile solutions were casted on glass substrates, and the substrates 
were set in a vial with iodine or NOBF4. After 30 minutes, the substrates were rinsed with 
methanol to eliminate excess oxidants. As the result, polymers were formed on the substrates, 
which mean the in-situ polymerization proceeded by gas-phase oxidant. The polymers formed 
by iodine were insoluble to common organic solvents, on the other hand, the polymers formed 
by NOBF4 were dissolved in the solvents. Thus, we chose iodine as a preferred gas-phase 
oxidant to apply this in-situ polymerization. As polymer precursors, EDOT and terthiophene 
were polymerized by this polymerization, however, polymerization of thiphene, 
3-hexylthiophene, pyridine, and aniline did not proceed. To polymerize monomers by this 
method, high reactivity were necessary because oxidation power of iodine is weak. 
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Figure 5.2.1 Image of in-situ polymerization using gas-phase oxidant (left) and in-situ 
polymerization apparatus (right). 
 
 Next, porous TiO2 substrate was prepared and the polymerization was examined in 
the porous substrate. The porous TiO2 substrate was prepared as follows: TiO2 paste (particle 
size = 20 nm) was coated onto substrates using a bar-coating method. The TiO2 coated 
substrates were sintered at 450 °C for 90 min and cooled down to room temperature. The 
thickness of porous TiO2 layer was measured to be 5 m. 0.5 M EDOT or 0.1 M terthiophene 
acetonitrile solutions were spin-coated onto the porous TiO2 substrate, exposed to iodine 
atmosphere, and rinsed with acetonitrile to eliminate excess amount of iodine. The resulting 
polymer formed from EDOT solution was identified by reflection infrared spectroscopy 
(Figure 5.2.2). The IR spectrum also indicated there was no remaining oxidant in the PEDOT, 
which meant the iodine was completely eliminated by rinsing and volatilization. 
 
 
Figure 5.2.2 Reflection IR spectra of PEDOT (1) formed the in-situ polymerization on porous 
TiO2 substrate by using iodine and (2) formed by VPP. 
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The cross-section SEM images of resulting substrates showed that the porous space 
of TiO2 was filled with polymers as shown in Figure 5.2.3. This meant the polymerization 
proceeded in the porous space because monomer solutions penetrated into the porous and then 
be polymerized vapor-phase oxidant.  
 
Figure 5.2.3 Cross-section SEM images: (a) bare porous TiO2 substrate, (b) porous TiO2 
substrate with PEDOT formed by in-situ polymerization using I2, and (c) porous TiO2 
substrate with PTh formed by in-situ polymerization of terthiophene with I2. Inset: photo 
images of the porous TiO2 substrate with and without polymers. 
 
Fulfillment of porous space by polymers was also confirmed by an electrochemical 
measurement. Porous TiO2 electrode was prepared by coating TiO2 paste onto a 
fluorine-doped tin oxide (FTO) and PEDOT was formed on the electrode by the in-situ 
polymerization. A cyclic voltammogram of the electrode with PEDOT displayed higher redox 
capacity compared with the electrode without PEDOT, which supposed that the porous space 
was fulfilled with PEDOT (Figure 5.2.4 a). Two redox peaks appeared around E1/2 = 0.4 V 
and 0.7 V (vs. Ag/AgCl) indicated existence of a low molecular weight PEDOT (oligomer). 
The porous TiO2 electrode with polythiophene (PTh) formed from acetonitrile solution of 
terthiophene also displayed redox responses (Figure 5.2.4 b), and the color of PTh film was 
obviously changed since E1/2. The color change was occurred reversibly by electrochemical 
doping and de-doping by sweeping applied voltage. This color change by electrochemical 
doping and de-doping was occurred in PEDOT film.  
 
(a) 
(b) (c) 
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Figure 5.2.4 Cyclic voltammograms of porous TiO2 electrode (black) and porous TiO2 
electrode fulfilled with polymers (red): (a) PEDOT and (b) PTh. Inset: color change of PTh 
by applying voltage (left: < 0.6 V, right: > 1.2 V). 
 
 The color of the PEDOT on the TiO2 substrate also changed from dark green to dark 
red through chemical doping and de-doping by exposure to hydrazine vapor and dipping into 
acetonitrile solution of p-toluenesulfonic acid. The resulting PEDOT showed absorption 
bands in the UV-Vis (broad) and infrared (800－1500 nm) region, although, the de-doped 
PEDOT showed an absorption peak at 495 nm without any absorption in the IR region 
(Figure 5.2.5), and the conductivity of the PEDOT also changed in accordance with the 
doping (high conductivity) and de-doping (low conductivity) process.  
 
 
Figure 5.2.5 UV-vis spectra of the resulting PEDOT (black), de-doped PEDOT by hydrazine 
monohydrate (red), and re-doped PEDOT by p-toluenesulfonic acid (blue). Inset: photo image 
of resulting and re-doped PEDOT (top) and de-doped PEDOT (bottom). 
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 Conductivity is the most important parameter in conducting polymers. The 
conductivities of the PEDOT films formed by gas-phase oxidant on porous TiO2 substrate 
were estimated from the resistance and layer thickness. A conductivity of the PEDOT from 
0.5 M EDOT acetonitrile was around 0.02 S/cm which was low conductivity compared with 
PEDOT formed by oxidative polymerization, electrochemical polymerization, and VPP. The 
conductivity could be improved by additives to the precursor solution. For example, the 
conductivity of the PEDOT from acetonitrile solution of 0.5 M EDOT with 10 mol% 
TBAClO4 was improved to 0.031 S/cm. We found a basic additive, especially 
4-tert-butylpyridine (tBP), provided high conductive PEDOT by neutralization of protons 
generated as a byproduct (Scheme 5.2.1), which was considered to progress the 
polymerization efficiently and give high molecular weight polymers. To add 25 mol% tBP to 
the acetonitrile solution of 0.5 M EDOT, the conductivity of the resulting PEDOT was up to 
0.64 S/cm. Finally, the conductivity was improved to 0.89 S/cm by exchanging counter anion 
from iondine to p-toluenesulfonic acid (Table 5.2.1).  
 
 
 
Scheme 5.2.1 Reaction scheme of EDOT polymerization. 
 
 
 
 
  
EDOT Ratio Resistance
*1 Conductivity
(M) (mol%) (MW) 10
-1
(S/cm)
1 no - 5.6 0.19
2 TBAClO4 10 3.5 0.31
3 tBP 5 0.30 3.6
4 tBP 10 0.26 4.2
5 tBP 25 0.17 6.4
6
*2 tBP 25 0.12 8.9
*2) soak entry 5 in 0.5 M p-TsOH methanol solution  after polymerization
AdditiveEntry
Table 5.2.1 Conductivities of PEDOT in porous TiO2 substrate.
0.5
*1) average resistance measured by four probe method
O O
S
n
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5.3 Fabrication and photovoltaic performance of a solid-state DSSC 
 
 The in-situ polymerization using EDOT as a precursor and iodine as a gas-phase 
oxidant was applied to form hole-transporting layer in a solid-state DSSC. The valence band 
of PEDOT has been reported to be 5.2 eV.16 D131 shown in Scheme 5.3.1 was used as a dye 
molecule in the solid-state DSSC because a HOMO level of D131 is deeper (5.5 eV) than that 
of PEDOT so that D131 could be reduced by PEDOT.17 D131 also showed an advantage of a 
high molar absorption coefficient. 
 
 
Scheme 5.3.1 Chemical structure of D131. 
 
The solid-state DSSC was prepared as follows: Porous TiO2 electrode was prepared 
in the same method described above. The porous electrode was soaked in acetonitrile/ 
tert-butyl alcohol (1/1 in volume ratio) solution of 0.3 mM D131 overnight. After dye 
molecules adsorbed onto porous TiO2, the excess amount of the dye solution was removed by 
rinsing with pure acetonitrile. 0.5 M EDOT acetonitrile solution was spin-coated onto the 
porous TiO2 electrode adsorbed by D131, exposed to iodine atmosphere, and rinsed with 
acetonitrile to eliminate excess amount of iodine to form PEDOT. This 
FTO/TiO2/D131/PEDOT electrode was used as a photo-anode in solid-state DSSC.  One 
drop of 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide was placed on the 
resulting electrode and the electrode was clipped with a Pt counter electrode to fabricate the 
solid-state DSSC (Figure 5.3.1). UV-vis spectrum of the photo-anode showed an absorbance 
peak of D131 at 450 nm and infrared region derived from PEDOT. The device performance 
was estimated from photo-current and photo-voltage conversion efficiency. The solid-state 
DSSC displayed photoelectric response by 1 sun irradiation (100 mW/cm2) as shown in 
Figure 5.3.2. Thus, the PEDOT polymerized by gas-phase oxidant worked as a 
hole-transporting layer. A theoretical photo-voltage was determined by energy gap of 
electrode reaction between photo-anode and counter electrode. In this cell, the theoretical 
photo-voltage was determined by the conduction band of TiO2 (4.0 eV) and HOMO level of 
N
COOH
CN
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PEDOT (5.2 eV) and calculated to be 1.2 V. The experimental value of photo-voltage 
remained 0.3 V. This low voltage was considered to be caused by the low conductivity of 
PEDOT. When hole was transported, hole-transporting PEDOT also worked as a resistance. 
The low photo-current could be explained the same reason. The high internal resistance 
prevented hole-transporting in PEDOT and caused energy loss in the solar cell. High 
performance solid-state DSSCs have been reported with high conductive PEDOT formed by 
photo-electrochemical polymerization whose conductivity was over 100 S/cm2. Therefore, to 
improve the conductivity of PEDOT, which could be obtained by using oligomer as a 
precursor and using stronger gas-phase oxidant, promised high performance solid-state DSSC. 
 
Figure 5.3.1 Schematic image of the configuration of solid-state DSSC 
 
 
Figure 5.3.2 Time scale responses of photo-voltage (left) and photo-current (right) of the 
solid-state DSSC fabricated with PEDOT/TiO2 substrate as the photoanode. The irradiation 
intensity = 100 mW/cm2 (1 sun irradiation). 
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 A conductivity of polythiphene (PTh) formed by iondine was too low to measure the 
four probe method (the resistance was over 5 MW) which was not enough to apply as a 
hole-transporting material, however, the PTh showed high absorbance in the visible light 
region so the PTh was applied to DSSC as a light harvesting material instead of dye 
molecules. A porous TiO2 electrode with PTh was prepared in a similar way as before using 
terthiophene solution as a precursor. The DSSC cell fabricated by the TiO2/PTh electrode as a 
photo-anode, acetonitrile solution of 1.0 M TEMPO and 1.2 M LiTFSI as a mediator, and Pt 
as a counter electrode. The resulting DSSC exhibited photoelectric conversion examined by 
incident photon-to-current efficiency (IPCE). The IPCE spectrum well-mathced with the 
UV-vis spectrum of PTh, that meant PTh worked as a light harvester. The short-circuit current 
density, open-circuit voltage, fill factor, and photoelectric conversion efficiency were 
measured to be 0.69 mA/cm2, 540 mV, 0.56, and 0.21%, respectively, under 1 sun irradiation. 
This photon-to-electric conversion supported that the porous TiO2 electrode was fulfilled with 
the PTh and the PTh contacted with TiO2 closely so that the excitons in PTh generated by 
light irradiation were transferred to external circuit through TiO2. Lower photo-current and 
efficiency was obtained compared with the result of the IPCE spectrum. For improvement of 
the efficiency, anchor 1 shown in Scheme 5.3.1 was adsorbed onto TiO2 before the 
polymerization. The anchor promoted electron transfer from PTh to TiO2 by chemical 
bonding, as a result, the cell performance was improved to 0.54% (Table 5.3.1). 
 
 
 
 
 
 
 
 
Scheme 5.3.2 Chemical structure of anchor 1. 
 
Table 5.3.1 Photovoltaic parameters of DSSCs
J sc V oc FF η
( mA/cm2 ) ( mV ) ( - ) ( % )
1 anchor 1 0.53 601 0.30 0.095
2 Terthiophene+anchor 1.4 564 0.70 0.54
3 Terthiophene 0.69 541 0.56 0.21
DyeEntry
S
S S
COOH
NC
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Figure 5.3.3 IPCE spectra (left) and J-V curves (right) of DSSCs of entry 1 (black), entry 2 
(red), and entry 3 (blue) with acetonitrile solution of 1.0 M TEMPO and 1.2 M LiTFSI as a 
mediator. The irradiation intensity = 100 mW/cm2 (1 sun irradiation). 
 
 In summary, we successfully polymerized thiphene derivatives in a porous space by 
using iodine as a gas-phase oxidant. This in-situ polymerization using gas-phase oxidant 
progressed in a porous TiO2 and the resulting polymers fulfilled the porous spaces. The 
conductivity of the resulting conducting polymer, PEDOT, was improved by addition of base 
(tBP) to the precursor solution by neutralization of protons generated as a byproduct. The 
PEDOT displayed hole-transporting capability examined by a solid-state DSSC which 
exhibited photo-electric conversion by light irradiation. Terthiophene was also polymerized 
by the in-situ polymerization and utilized as a light harvester in DSSCs. The polythiophene 
also displayed possible application to electrochromic cells because of its reversible color 
changing by applying voltage. The author believed that this in-situ polymerization using 
gas-phase oxidant would be an effective new method to form functional polymers directly and 
easily onto substrates with complex surface to fabricate high performance organic devices. 
 
5.4 Experimental section 
 
Materials. EDOT, 2,2':5',2''-terthiophene, 4-tert-butylpyridine (tBP), and iodine were 
purchased from Tokyo Chemical Industry Co. Nitrosyl tetrafluoroborate (NOBF4) was 
purchased from Sigma-Aldrich Co. Indoline dye molecule, 3-{1,2,3,3a,4,8b-hexahydro- 
4-[4-(2,2-diphenylvinyl)phenyl]cyclopenta[b]indole-7-yl}-2-cyanoacrylic acid (D131), was 
purchased from Mitsubishi Paper Mills Ltd. All reagents were used without further 
purification. TiO2 paste (DSL 18 NR-T 20 nm) was purchased from Solaronix S.A. 
(Switzerland). Conducting electrodes, fluorine-doped tin oxide (FTO) and indium-doped tin 
0
10
20
30
40
50
60
300 400 500 600 700 800
IP
C
E
 (
%
)
Wavelength (nm)
IP
C
E
(%
)
Wavelength (nm)
4 50
0 0
0.5
1
1.5
0 0.1 0.2 0.3 0.4 0.5 0.6
C
u
rr
en
t 
d
en
si
ty
 (
m
A
 /
 c
m
2
)
Photovoltage (V)
C
u
rr
e
n
t 
d
e
n
s
it
y
 (
m
A
/c
m
2
)
Ph to-voltage (V)
0 0.1 0.2 0.3 0.4 0.5 0.6
0.5
1.0
1.5
Chapter 5 
 
96 
 
oxide (ITO), were purchased from Panasonic Co. and Asahi Glass Co. LTD., which were 
cleaned by plasma etching before use. 
 
Measurements. The conductivity of PEDOT was estimated from the resistance and layer 
thickness. The resistance was measured using a four-probe method, and the layer thickness 
was measured using a contact stylus profiler (KLA Tencor P-6). The photovoltaic 
performance of the DSSC was measured using a computer-programmed digital sourcemeter 
(Keithley 2611A) under solar irradiation (100 mW/cm2). A cross section of the TiO2 porous 
substrate was observed using scanning electron microscopy (SEM). The samples were scribed 
onto the glass substrate side and split using liquid nitrogen to observe the cross-sectional 
SEM-images (HITACHI High-Tech S-3000N). The IR spectrum of the PEDOT/TiO2 substrate 
was measured using reflection absorption method (NICOLET 6700 FT-IR). The UV-Vis 
spectrum of the PEDOT/TiO2 substrate was monitored using a UV-Vis spectrophotometer 
(JASCO UV-670). 
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6.1 Conclusions 
 
 This thesis is composed of three topics: A charge-transporting supramolecular gel, a 
redox active pendant-type polymer with strong intermolecular interaction, and a new 
polymerization method to form conducting polymers. In this chapter, the author describes the 
results of the topics briefly and the important conclusions of this thesis are summarized. 
 In chapter 2, the TEMPO-substituted cyclohexanediamine derivative (TCD) was 
designed and synthesized as a new charge-transporting supramolecular gelator. The TCD 
solidified various organic solvents such as acetonitrile (AN), -butyloractone, and mixture of 
ethylene carbonate and diethyl carbonate commonly used as an electrolyte in electrochemical 
devices represented by a lithium battery. The gelator formed nano-wired supramolecular 
polymers by strong hydrogen-bonding and molecular stacking, and organic solvents were held 
in the 3D network structure composed of the supramolecular polymers to form stable gel 
states. Optical enantiomers of the TCD were prepared separately according to the optical 
activity of starting material (1,2-trans-cyclohexanediamine).The enantiomers showed higher 
gelation ability than that of racemic compound owing to an efficient molecular stacking. The 
resulting gels exhibited stable redox responses and high charge-transporting capability 
derived from rapid electron self-exchange reaction between the TEMPO moieties. The 
half-cell property of the AN gel displayed reversible charging-discharging behavior at high 
current densities up to 50 C without additives such as conductive carbons and binder 
polymers. These new charge-transporting and storable supramolecular gels have potential 
application to develop new electrochemical devices. 
In chapter 3, the charge-transporting supramolecular gelator, TCD, was also studied 
to form the gel with ionic liquids (ILs) to achieve environmental friendly soft material with 
high charge-transporting capability.  Thermal and electrochemical properties of ionic liquid 
gels were also revealed using various ILs based on imidazolium cations. The non-volatile IL 
gels exhibited high charge-transporting capability like the AN gel, however, the IL gels 
exhibited low charge-transporting capability in the condition of high gelator concentration. 
In chapter 4, pendant-type polymers bearing naphthalenediimide (NDI) derivatives 
were synthesized as a cathode-active material in lithium-ion battery. NDI structure was 
chosen due to its strong - stacking, electron-accepting and -transporting capability, and 
robustness against electrochemical redox reactions. The high charge capacity, rate capability, 
and cyclability of the test cell showed a potential for the pendant-type NDI polymers to be 
applicable as a cathode active material in a rechargeable Li battery. While a short alkyl chain 
substituted on the NDI moiety gave high electron-transporting capability to the polymer by 
progressing the molecular stacking, a large alkyl chains improved processability of the 
polymers by hindering the molecular stacking. These, together with the pendant approach, are 
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useful design concepts for new generation cathode-active materials. The cell performance, 
such as the output voltage and the cyclability, could be enhanced by NDI core-substitution 
with electron-withdrawing groups and more extensive crosslinking of the norbornene 
backbone. Furthermore the pendant-type NDI polymers had a potential to be examined as a 
cathode-active material in a heavy metal-free Li-ion batteries. 
In chapter 5, a new in-situ polymerization using gas-phase oxidant was examined and 
developed as a new in-situ polymerization method to form conducting polymers onto 
substrates directly. The resulting conducting polymer, poly(3,4-ethylenedioxy thiophene) 
(PEDOT), was formed on porous TiO2 substrate, and the nanoscale space could be filled up 
with the polymer observed by scanning electron microscopy. A conductivity of the PEDOT 
was improved from 0.02 S/cm to 0.9 S/cm by addition of 4-tert-butylpyridine to a precursor 
solution. The hole-transporting capability of the PEDOT was examined by application to a 
solid-state dye-sensitized solar cell (DSSC) as a hole-transporting layer. The solid-state DSSC, 
which was fabricated with the PEDOT formed by the in-situ polymerization using iodine, 
exhibited photo-electric conversion, therefore, the PEDOT worked as a hole-transporting 
material in the electrochemical device. This polymerization method enabled to form polymers 
directly onto substrates any surface shape, as a result, the in-situ polymerization using 
gas-phase oxidant was expected as an effective method to fabricate various electrochemical 
devices. 
 
6.2 Future prospects 
 
 Electroactive organic materials have been widely studied as an alternative functional 
material to inorganic materials and applied to electrochemical devices to enrich our lives. The 
author focused on supramolecular materials as a new functional material. The functional 
supramolecular materials described in this thesis were expected to develop the study of 
organic devices due to their unique properties. In this section, the future prospects of this 
study and the strategies are described in terms of molecular design and their application to 
organic devices. 
 
6.2.1 Totally gel battery. 
 
 In chapter 2 and 3, TEMPO-substituted supramolecular gelator was described as a 
charge-transporting and -storable soft material which exhibited high charging-discharging 
properties and reversible cyclability derived from TEMPO moiety. The half-cell performance 
displayed quantitative charge capacity obtained at 10 C (full charging and discharging process 
took only 360 s) without conductive additives such as a carbon fiber and binder polymers. By 
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substitution of n-type redox active molecules such as NDI (described in chapter 4) to the 
gelator instead of TEMPO moiety, the electron-accepting supramolecular gel could be 
synthesized. To utilize the TCD gel and n-type redox gel as cathode- and anode-active 
material, all gel type rechargeable devices were expected to be fabricated like totally secondly 
organic batteries (Figure 6.2.1).1-3 According to the study of TCD gel, the totally gel battery 
would be fabricated only p- and n-type supramolecular gels without additives. The battery 
would be expected to exhibit high charging-discharging property, self-healable by thermal 
treatment, and tunable voltage by using various redox active materials. The author expects 
that the gel battery will be developed as a new flexible totally organic rechargeable device. 
 
 
Figure 6.2.1 Totally redox-gel battery composed of only p-type and n-type redox gels as a 
cathode- and anode-active material. 
 
6.2.2 Improvement of charge-transporting capability of supramolecular gels. 
 
 Possible application of charge-transporting and -storable supramolecular gels to 
electrochemical devices due to their unique physical and electrochemical properties was 
described in chapter 2 and 3, however, the author considers that the current density of 
charge-transporting gels could be improved more and more by optimization of molecular 
structures and electrolytes. Here, the author describes two strategies for achievement of higher 
charge-transporting supramolecular gel. One is to use high ion conducting electrolytes. For 
example, liquids having fluorinated alkyl chains are expected to show high ionic conductivity 
caused by low viscosity.4 High ionic conductivity, or ion diffusion, supports compensation the 
oxidized and/or reduced molecules by counter ions rapidly. The rapid charge-compensation 
improves the redox conduction charge-transporting in redox polymers and supramolecules. 
Another strategy is to design the gelator structures which could have multiple redox-active 
molecules in one gelator and/or resulting gels retain high ion conductivity even at high gelator 
concentrations. Benzenecarboxamide-based supramolecular gelator was reported to solidify 
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various ionic liquids with wide range of gelator concentrations and the gels retain high ionic 
conductivity under high concentration of the gelator. The benzenecarboxamide derivative 
could be substituted at most three TEMPO moieties in one molecule. The high density 
charge-transporting moiety is considered to provide high charge-transporting capability. The 
author proposes synthesis of the new charge-transporting supramolecular gelator in Scheme 
6.2.1 with much expectations of development this filed. 
 
    
 
Scheme 6.2.1 Synthesis of tri-TEMPO-substituted supramolecular gelator. 
 
 
6.2.3 Core-substituted NDI polymers with tunable redox potential. 
 
 Electrochemical properties and application of pendant-type NDI polymer to a Li 
battery with high charge capacity, rate property, and cyclability were described in chapter 4. 
The electrochemical property, especially redox potential, was tuned easily by using 
core-substituted NDI (cNDI) with electron-donating or -withdrawing group,6 however, it is 
difficult to synthesize asymmetric cNDI derivatives. Supported by Prof. Langford group 
members, the author discovered a route to synthesize the asymmetric cNDI by ester protection 
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and describe in Scheme 6.2.2.  
 
 
Scheme 6.2.2 Synthesis of asymmetric cNDI with norbornene unit. 
 
 The cNDI derivatives with electron-withdrawing groups such as cyano (-CN) have 
been reported to have positive redox potential which promised high voltage Li battery as a 
cathode-active material.7 The asymmetric cNDI described in Scheme 6.2.2 could be extended 
to pendant-type cNDI polymer by ROMP due to its norbornene unit, as the result, the author 
expects that these pendant-type NDI polymers, which display various electrochemical 
properties tuned by design of molecular structure easily, develop safe and high performance 
Li-polymer battery as appropriate organic electrode-active materials. 
 
References 
[1] H. Nishide and K. Oyaizu, Science, 2008, 319, 737–738. 
[2] T. Suga, S. Sugita, H. Ohshiro, K. Oyaizu, and H. Nishide, Adv. Mater., 2011, 23, 751–
754. 
[3] T. Suga, H. Ohshiro, S. Sugita, K. Oyaizu and H. Nishide, Adv. Mater., 2009, 21, 1627–
1630. 
[4] A. N. Tran, T.-N. V. Do, L.-P. M. Le, and T. N. Le, J. Fluor. Chem., 2014, 164, 38–43. 
[5] Y. Ishioka, N. Minakuchi, M. Mizuhata, and T. Maruyama, Soft Matter, 2014, 10, 965–
971. 
[6] S.-L. Suraru and F. Würthner, Angew. Chem. Int. Ed., 2014, 53, 7428–7448. 
[7] G. S. Vadehra, R. P. Maloney, M. A. Garcia-Garibay and B. Dunn, Chem. Mater., 
2014, 26, 7151–7157. 
O
Br
Br
OO
Br
Br
O O
OEtOEt
OO
OEtOEt
O O
OEt OEt
O
Br
Br
O O
O OO N
Br
Br
OO
O O
OEt OEt
EtI
K2CO3
EtOH HCl
AcOH
Imidazole
Dioxane
NH2
N
Br
Br
OO
O OO
N
Br
Br
OO
N OO
R1
N
R2
R2
OO
N OO
R1
Toluene
p-TsOH
Imidazole
Dioxane
R1-NH2
List of Publications 
1. Yoshito Sasada, Steven. J. Langford, Kenichi Oyaizu, Hiroyuki Nishide, 
“Poly(Norbornyl-NDIs) as a Potential Cathode-Active Material in Rechargeable Charge 
Storage Devices”, RSC Advances, 6, 42911–42916 (2016). 
 
2. Yoshito Sasada, Fumiaki Kato, Kenichi Oyaizu, Hiroyuki Nishide, “In-Situ 
Polymerization of Thiophene Derivatives Using a Gas-Phase Oxidant to Form a 
Hole-Transporting Layer in Dye-Sensitized Solar Cell”, Journal of Photopolymer Science 
and Technology, 27, 347–350 (2014). 
 
3. Kenichi Oyaizu, Noriko Hayo, Yoshito Sasada, Fumiaki Kato, Hiroyuki Nishide, 
“Enhanced Bimolecular Exchange Reaction through Programmed Coordination of a 
Five-Coordinate Oxovanadium Complex for Efficient Redox Mediation in Dye-Sensitized 
Solar Cells”, Dalton Transaction, 42, 16090–16095 (2013). 
 
  
List of Presentations 
1. Yoshito Sasada, An Saito, Hiroyuki Nishide, “Synthesis and Electrochemical Property of 
Optical Active TEMPO-Substituted Cyclohexanediamine Derivatives”, Symposium on 
Molecular Chirality 2015, Molecular Chirality Research Organization, Tokyo, Japan, 
June 2015. 
 
2. Yoshito Sasada, Fumiaki Kato, Kenichi Oyaizu, Hiroyuki Nishide,  “In-situ 
Polymerization of Thiophene Derivatives Using a Gas-phase Oxidant to Form a 
Hole-transporting Layer in DSSC”, The 31st International Conference of Photopolymer 
Science and Technology, The Chemical Society of Japan, Chiba, Japan, July 2014. 
 
3. Yoshito Sasada, Fumiaki Kato, Kenichi Oyaizu, Hiroyuki Nishide, “Electropolymerized 
Macromolecular Metal Complexes and Their Application to a Solid-State Dye-Sensitized 
Solar Cell” 3rd FAPS Polymer Congress and MACRO 2013, Bangalore, India, May 2013. 
 
4. Yoshito Sasada, Fumiaki Kato, Kenichi Oyaizu, Hiroyuki Nishide, “Electropolymerized 
Macromolecular Metal Complexes and Their Application to a Solid-State Dye-Sensitized 
Solar Cell”, 62th SPSJ Annual Meeting, The Society of Polymer Science, Kyoto, Japan, 
May 2013. 
 
5. Yoshito Sasada, Fumiaki Kato, Kenichi Oyaizu, Hiroyuki Nishide, “Polymeric Complexes 
as Charge-Transport Mediator in Dye-Sensitized Solar Cells” 9th SPSJ International 
Polymer Conference, The Society of Polymer Science, Kobe, Japan, December 2012. 
 
6. Yoshito Sasada, Fumiaki Kato, Kenichi Oyaizu, Hiroyuki Nishide, “Polymerization of 
Thiophene Derivatives in Porous Substrates Using Gas-Phase Oxidants and Their 
Conductivity.” The 92th CSJ Annual Meeting, The Chemical Society of Japan, Tokyo, 
Japan, March 2012. 
  
Acknowledgements 
 
The present dissertation is a collection of the studies which have been carried out 
under the supervision of Professor Dr. Hiroyuki Nishide and Professor Dr. Kenichi Oyaizu, 
Department of Applied Chemistry, Waseda University, in 2011–2017. The author expresses 
the greatest acknowledgement to Professor Dr. Hiroyuki Nishide and Professor Dr. Kenichi 
Oyaizu for their invaluable advices, discussions, and continuous encouragement throughout 
this work. 
 
The author wishes to thank Professor Dr. Yuka Tabe (Waseda University), Professor 
Dr. Steven J. Langford (Monash University), and Dr. Fuyuki Aida (JX Nippon Oil & Energy 
Co.) for their work as members of the judging committee for this doctoral thesis. 
 
The author also expresses his sincere gratitude to Professor Dr. Yoshinori Nishikitani 
(Waseda University) for his valuable advice and encouragement. 
 
The author is greatly indebted to Dr. Takeo Suga (Waseda University) for his 
excellent advice, useful technical advice, and encouragement through discussions. 
 
The author also acknowledges Dr. Fumiaki Kato (Samsung Japan Co.) for teaching 
experimental work to him and encouraging him to study polymer chemistry. 
Acknowledgements are also made to Dr. Satoshi Nakajima (Ricoh Co.), Dr. Wonsung Choi 
(SAIT, Samsung Group), Dr. Naoki Sano (Fujifilm Co.), Dr. Katsuyuki Takahashi (GS Yuasa 
C0.), Dr. Il Seok Chae (Hanyang University), Dr. Takashi Sukegawa (Asahi kasei Co.), and Dr. 
Natsuru Chikushi (Fujifilm Co.) for their useful and constructive comments. 
 
The author expresses special thanks to all active collaborators, namely Ms. Rieka 
Ichinoi and Mr. Yusuke Sasaki. 
 
The author acknowledges Mr. Ryo Kato and Mr. Hiroshi Tokue for their kind and 
fruitful discussions. The author sincerely thanks all members of the laboratory for their kind 
assistance. 
 
 The author acknowledges Prof. Dr. Kei Saito (Monash Univ.) and his family for their 
kind support and advice during stay in Melbourne. 
 
The author appreciates the kind assistance of members of the Material 
Characterization Central Laboratory, Waseda University. 
 
The author is grateful for the Leading Graduate Program in Science and Engineering, 
Waseda University from MEXT, Japan. 
 
Special thanks are given to the Scholarship of the Society of Applied Chemistry of 
Waseda University, the Kenji Koga Scholarship, the Toshiyuki Mizuno Memorial Scholarship, 
and the Scholarship for Young Doctoral Students of Waseda University for financial support. 
 
Finally, the author expresses his deepest gratitude to his parents, Mr. Koichi Sasada 
and Mrs. Meiko Sasada, to his brother, Mr. Tetsuya Sasada, and to his dog, Rui Sasada. 
 
February 2017 
Yoshito Sasada 
